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Abstract
The daily light-dark cycle is the most effective zeitgeber at entraining human 
circadian rhythms to the 24-hour day but the photoreceptor(s) mediating this response 
have not been identified. The complex nature of the photoentrainment process, with 
both discrete and continuous actions of light contributing as well as the likelihood that 
there is a multiple photopigment input to the circadian clock means that determining 
the nature of the circadian photoreceptor(s?) will be difficult. Therefore the aim of 
this thesis was to assess the wavelength sensitivity of the human phase advance 
response to light.
A 4-day phase advance protocol was designed and validated that administered a 4- 
hour light pulse immediately after habitual wake time on day 3 (07:15 -  11:15 h). 
Baseline and post-stimulus melatonin and core body temperature rhythms were used 
as circadian phase markers. A preliminary study investigated whether the 3-cone 
photopic system provides the primary input to the human circadian system by 
comparing the phase shifting ability of a bright white (4300 pW/cm2) and a dim short 
wavelength (28 pW/cm2) light exposure. The magnitude of the phase shifts in the 
melatonin acrophase and offset was similar after both these exposures despite the fact 
that the bright white light exposure contained 185-fold more photons than the short 
wavelength exposure. This suggested that the phase advancing response was short 
wavelength sensitive and that the 3-cone photopic system does not provide the 
primary input to the human circadian system. This initial study also established that 
the melatonin offset was the most sensitive and responsive marker for a phase 
advancing light pulse in the current protocol.
In an attempt to determine the maximally effective wavelength for phase shifting 4 
different monochromatic light exposures were administered at two photon densities: 
2.32 x 1013 photons/cm2/sec (Xmax 420, 440 and 600 run) and 6.21 x 1013 
photons/cm2/sec (Xmax 440, 470 and 600 nm). There was a distinct, but non­
significant, difference in the phase shifting abilities of the light pulses with the 
470 nm light being the most effective at phase advancing the Meloff50%.
During the monochromatic light exposures the acute effects of light pulses on 
elevating core body temperature (07:15 -  07:45 h) and on subjective alertness (07:15 
-  12:00 h) were also assessed. Alertness was monitored using a 9-point alertness scale 
(1 -  very alert, 9 -  very sleepy) and the Karolinska sleepiness. The high photon 
density 600 nm light condition was significantly less alerting than all other light 
conditions. When the data were normalised relative to the baseline value at 07:15 h, 
before the light exposure began, the 420 nm light pulse was significantly more 
alerting than the 470 nm light pulse (p = 0.05). When the mean alertness value during 
the entire light pulse was calculated a non-significant rank in the level of alertness 
was observed: high photon density 440 nm, low photon density 420 and 440 nm, 470 
and 600 nm. The acute effects of light on core body temperature were also maximally 
responsive to the high photon density 440 nm light exposure. These data suggest 
short wavelength sensitivity of the acute effects of light.
Although there were no statistically significant differences between the phase shifts 
observed with the different light conditions, the pattern of response suggests that 
470 nm may be the most effective wavelength, of those tested, at phase advancing the 
melatonin rhythm. The acute effects of light on alertness and core body temperature 
appear to be most sensitive to 440 nm. This differential spectral sensitivity of the 
responses may reflect the use of different photoprocessing pathways. These 
preliminary results can be used as the basis for future research to determine the 
wavelength of maximal sensitivity which can then be used in practical situations to 
enhance circadian adaptation to shift work and new time zones.
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1. INTRODUCTION
Rhythmic events are universal phenomena exhibited in the geophysical environment 
of the earth and in the physiology and behaviour of all eukaryotic organisms from 
unicellular bacteria to multicellular mammals. Geophysical oscillations are a 
consequence of the ceaseless rotation of the earth on its own axis and the 
simultaneous movement around the sun. This movement of the earth generates 
environmental cycles with periodicities ranging from 12 months (annual rhythms with 
seasonal changes) to 24 hours (solar day with day night changes) whilst the movement 
of the moon in relation to the sun and earth generates lunar and tidal cycles (Saunders, 
1977).
In order to adapt to a constantly changing environment organisms have evolved 
endogenous clocks to drive rhythms in physiology and behaviour. These biological 
rhythms can be divided into two main groups: ultradian rhythms have periods less 
than a day whilst infradian rhythms have periods of more than a day. Within these 
groups there are a wide range of periodicities from a few seconds, e.g. firing of 
neurones, pulsatile release of hormones, heart rate, to annual events such as migration 
and moulting patterns.
The possession of a biological clock confers the ability to anticipate environmental 
variations. Instead of just showing a passive and delayed response to the environment 
organisms are able to prepare for these changes and can therefore exploit the new 
condition immediately to their best advantage. It takes time to alter physiological 
systems from optimal functioning in one condition to another and therefore being 
prepared for an environmental change is a great selective advantage in a highly 
competitive world (Roenneberg and Foster, 1997).
Biological clocks are classified upon the basis of their period which is related, but is 
not exactly the same, to a particular environmental cycle. The most prevalent rhythms 
are circadian oscillations which have approximately 24 hour periods and are therefore 
circadian rhythms of ‘about a day’ (from the latin 'circa" about, 'dies" day). Daily 
rhythms are seen in a wide range of organisms exhibiting a variety of rhythmic 
behaviours e.g. photosynthetic and bioluminescence rhythms in unicellular algae
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(Sweeney, 1969), leaf movements in plants and the sleep-wake cycle in mammals 
(Saunders, 1977). The fact that circadian rhythms are present in all eukaryotic 
organisms and are evolutionarily conserved, is thought to represent one of the most 
evident manifestations of adaptation to the environment (Guido et ah, 2002).
1.1 CIRCADIAN RHYTHMS
Circadian rhythms are 24-hour oscillations in behaviour and physiology, which exist 
in nearly all organisms and are endogenously generated by an internal clock. Under 
constant conditions, in the absence of environmental time cues, these circadian 
oscillations persist but exhibit an endogenous period that deviates slightly from 24- 
hours (Pittendrigh, 1960; Aschoff, 1969). This ‘free-running’ period {tau or t ) is 
genetically determined (Liu et al., 1997) and reflects the intrinsic periodicity of the 
endogenous circadian clock that drives the overt circadian rhythms of the organism 
(Sack et al., 1992). The phase, amplitude and period are the most important 
characteristics of any oscillation (Shanahan et al., 1997) (Figure 1.1).
Period
Acrophase 
(peak of rhythm)
Amplitude!
Nadir
(trough of rhythm)
Figure 1.1. A circadian oscillation with defining parameters ((j) represents phase 
reference point).
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Circadian clocks allow organisms to anticipate daily variations in the environment and 
ensure appropriate coupling of the phase of a biological event with a particular phase 
in the 24-hour environmental cycle (Takahashi and Hoffman, 1995). As the 
endogenous period of the circadian clock varies slightly from 24-hours it must be 
synchronised with the solar day on a daily basis. This daily adjustment, or 
entrainment, is achieved by ‘resetting mechanisms’ that shift the phase of the rhythm 
such that it oscillates with a period of exactly 24-hours (Foster, 1998). Entrainment 
occurs in response to periodic environmental stimuli, known as zeitgebers, such as 
daily light and temperature cycles, which act as external time cues (Pittendrigh, 1965). 
Upon exposure to a zeitgeber the endogenous circadian oscillation adopts the 
periodicity of the zeitgeber and a particular phase relationship to it (Saunders, 1977). 
The most important environmental stimulus in the entrainment of circadian clocks in 
mammals is the light-dark cycle (Reppert and Weaver, 1997) and the use of light to 
entrain is known as photoentrainment (Foster, 1998). The daily light-dark cycle has 
probably evolved to be the most important time cue as it is the most regular and 
reliable daily cycle in the environment (Johnson, 1995). In order for entrainment to 
occur, and consequently for the clock to appropriately synchronise the organism, the 
circadian system is composed of a number of elements: a sensory pathway to detect 
the environmental signals, an endogenous pacemaker and a mechanism by which the 
detected environmental signals can produce appropriate changes in the rhythm of the 
endogenous clock (Foster, 1998). The pacemaker then acts via a number of output 
pathways to maintain 24-hour rhythms within the organism.
The components of the human circadian system and the factors influencing this 
system will be reviewed in this chapter, with particular emphasis on the importance of 
light and the circadian photic detection system. The need to increase knowledge of 
human circadian photoreception, and the implications this will have for human health, 
will be described, as this forms the basis for the work described in this thesis.
1.2 ENTRAINMENT AND PHASE RESPONSE CURVES
Endogenous tau (t) is not exactly 24-hours and therefore the circadian clock must be 
entrained on a daily basis. Entrainment requires a periodically changing sensitivity of 
the circadian system to the stimulus provided by the zeitgeber (Aschoff, 1965). Two
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models exist that describe the entraining effects of light: parametric (Aschoff, 1964) 
and non-parametric (Pittendrigh, 1965).
1.2.1 Continuous vs discrete entrainment
1.2.1.1 Discrete model of entrainment
The discrete (non-parametric) model of entrainment relies on instantaneous, abrupt 
phase shifts in response to light to correct for the deviation of t  from 24-hours. The 
periodically changing sensitivity of the clock means that a stimulus will cause phase 
shifts of different sizes and direction depending on the phase at which the oscillation 
is perturbed (Saunders, 1977). In organisms where x is longer than 24-hours a daily 
net advance is required for entrainment, whereas in organisms where x is shorter than 
24-hours a daily net delay must occur to remain entrained.
The central formula for entrainment is therefore that the daily phase shift (([)) required 
for entrainment is the difference between tau (x) and 24-hours, which is the period of 
the entraining cycle (T) (Pittendrigh, 1965).
Daily phase shift required for entrainment = x -  24
A4> = ? - T
The size and direction of a light-induced phase shift varies depending on the time in 
the circadian cycle at which the light pulse is administered (Minors et al., 1991), as 
well as the intensity and duration of the pulse (Czeisler, 1995). Light pulses cause 
phase delays if administered in the early subjective night and phase advances if 
administered in the late subjective night/early subjective morning (Saunders, 1977). 
Light pulses during the subjective day do not appear to alter circadian phase 
(Saunders, 1977) although recent work suggests that diurnal mammals, including 
humans, have a circadian pacemaker that is sensitive to light throughout the day 
(Pohl, 1982; Jewett et al., 1997). The relationship between the timing of a single light 
pulse and the phase shift it produces is known as a phase response curve (PRC) 
(Pittendrigh, 1965). The entrained circadian pacemaker is in equilibrium with a light- 
dark (LD) cycle that consists of repetitive light pulses. Each pulse occurs at the phase
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when a light pulse induces a phase shift that is equal to the difference between the 
free-running period (t ) and the period of the zeitgeber (Johnson, 1999).
1.2.1.2 Continuous model of entrainment
This model is based on the parametric dependence of circadian period (t) on constant 
light (Aschoff, 1964). The model assumes that light has a continuous action on the 
clock such that light lengthens or shortens the period of an endogenous oscillation and 
may also simultaneously affect the waveform and the level around which the 
oscillation moves (Aschoff, 1964 -  reviewed in Daan, 2000). Daily changes in light 
intensity could allow the circadian pacemaker to adjust its cycle length continuously 
to that of the environment (Johnson, 1999). The tonic model of entrainment still 
requires that the parametric effect of light on tau is phase dependent such that it is the 
intensity of light at specific phases that determines the length of the period. Cycles of 
light intensity, such as occur with the solar day, will achieve entrainment by 
acceleration and deceleration of tau. The effects of light intensity on period length 
can be summarised in a tau response curve (TRC) which describes the relationship 
between light intensity at a specific phase and the corresponding change in period 
length (t ) induced.
1.2.1.3 Dual action of light on the clock
The two entrainment models appear to rely on light at different parts of the solar day. 
The phasic non-parametric model relies on the twilight transitions and concomitant 
abrupt phase shifts for entrainment so that the animal must perceive at least one of 
these transitions. The non-phasic model relies on continuous exposure to daylight and 
intensity changes over the day. There are many lines of evidence to suggest that 
stable entrainment relies on a combination of the continuous and discrete effects of 
light on the circadian pacemaker (Beersma et al., 1999; Daan, 2000).
The conditions under which phase shifts are measured can have major effects on the 
shape of the PRC with background illumination affecting both the magnitude of phase 
shifts as well as the PRC shape (Honma and Honma, 1988; Johnson, 1999). This 
suggests that PRCs produced in artificial dim light conditions do not necessarily 
reflect the response of the circadian system to the real environment and that true
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entrainment to light also involves a continuous action of light on the clock. Light 
history is another important influence on the behaviour of the clock demonstrated by 
the fact that t  exhibits after-effects of prior entrainment. After release from a 24-hour 
LD cycle, t  is very close to 24 hours and only in prolonged constant conditions does it 
revert to its stable endogenous value (reviewed in Daan, 2000).
A mammalian model has been developed that estimates the best ratio between phase 
and velocity responses that are required to remain entrained. Different ratios are 
required depending on whether the animal is a diurnal burrower, non-burrower or 
nocturnal burrower (Beersma et al., 1999). Therefore it appears that entrainment by 
light is a complex interaction and is highly specific to the organism and the 
environment it inhabits. The adjustment of t  to 24-hours by the continuous action of 
light on the clock seems to be a more evolved mechanism of finely tuning the clock 
than having daily perturbations (Daan, 2000). However, it is the discrete model that 
has been most frequently used to predict entrainment via the construction of phase 
response curves (PRCs).
1.2.2 Phase response curves
Phase response curves (PRCs) plot the relationship between a timed light pulse and 
the phase shift it produces (Minors et al., 1991). PRCs use a circadian timescale that 
runs from circadian time (CT) 0 to CT 24 and measures the full circadian cycle of the 
organism (t ) s o  that one circadian hour is equivalent to 1/24 of the free running period 
(t). The CT scale therefore refers to phase points in the cycle of the organism’s 
internal oscillations (Pittendrigh, 1965). The light-dark (LD) cycle 12:12 is taken to 
be the standard entraining condition and CT 0 is defined as the beginning of the 
subjective daytime (dawn or Tights on’) and CT 12 as the start of the subjective night 
(dusk or Tights o ff) (Johnson, 1999). CT differs from zeitgeber time (ZT), which 
describes the period and phase points of the entraining cycle (Pittendrigh, 1965).
PRCs are plotted with the abscissa as the CT of stimulus administration, from CT 0 to 
CT 24, and the ordinate as the magnitude of the phase shift in circadian hours 
(Johnson, 1999). Phase shifts in hours are normalised to circadian hours using t  of the
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organism. Phase advances (regarded as positive) are plotted above the abscissa and 
phase delays (regarded as negative) are plotted below (Saunders, 1977) (Figure 1.2).
Advances
(+A(j))
Phase shifts 
(hours)
Delays
(-A*)
4
2
0
■2
■4
Circadian Time (hours)
Figure 1.2. Human phase response curve to light, adapted from Khalsa et al., 2003.
The CT of stimulus administration is traditionally defined as the midpoint of the 
pulse. This is because if the onset and offset of the signal result in phase shifts in the 
same direction that are additive or the duration of the pulse influences the shift then 
the midpoint of the pulse is the most suitable reference point (Aschoff, 1965). 
However, it has been argued that for a number of stimuli, such as drugs and 
chemicals, the duration of the stimulus is unknown and therefore the midpoint cannot 
be defined (Johnson, 1999). The beginning of the pulse is now being proposed as the 
marker of the stimulus phase as the phase shifting response of an oscillator is likely to 
be a characteristic of the phase when the stimulus begins (Johnson, 1999).
The phase response curve to light has a similar shape in all mammals studied to date, 
including humans (Czeisler et al., 1989), with the main difference between PRCs in 
different species being the size of the resetting response to a given stimulus (Czeisler, 
1995; Johnson, 1999). This variation in PRC shapes often reflects the t of the species
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and the direction and size of phase shifts required to entrain the organism. For 
example an organism with a tau < 24 hours will require daily phase delays in order to 
remain entrained to a 24-hour environmental cycle and therefore the phase delay 
portion of the PRC will be larger than the phase advance region in this organism 
(Johnson, 1999).
Two types of PRCs exist:
a) Type 1 - this is a low amplitude PRC that displays relatively small phase shifts 
(usually less than 6 hours) and has a continuous transition between delays and 
advances
b) Type 0 resetting - this is a high amplitude PRC with phase shifts up to 12 hours in 
size (Johnson, 1999).
The terms ‘Type O’ and ‘Type 1 ’ refer to the average slope of the curve in a phase 
transition curve when ‘new phase’ is plotted against ‘old phase’ (Johnson, 1999). 
Whether type 1 or type 0 resetting occurs often depends on the strength of the 
stimulus e.g. if  the light intensity of a pulse is increased it may convert a type 1 
response into a type 0 response. If the phase shifts in a type 0 PRC are plotted as 
advances and delays then a discontinuity or ‘breakpoint’ often occurs at the transition 
between advances and delays (Czeisler et al., 1989). To avoid this, type 0 PRCs are 
often plotted monotonically which means that all the shifts are plotted as delays (from 
0-24 hours) (Johnson, 1999).
Thus the response of the circadian system to light is a complex process involving an 
interplay of light intensity and light pulses at specific times with the response being 
influenced by previous and present environmental conditions. The relationships 
between certain physiological and behavioural rhythms within an organism may also 
be affected by light stimuli.
1.2.3 Phase relationships and transients
Entrainment not only resets the endogenous clock to a period of 24-hours but it also 
establishes a specific phase-relation between the innate oscillation of the organism 
and the environmental cycle (Pittendrigh, 1965). The phase angle of entrainment (vg)
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describes the relationship between an internal oscillation and the zeitgeber. This 
phase relationship is the time between a phase point on the internal oscillation and a 
phase point on the zeitgeber. Phase relationships also exist between clock driven 
internal oscillations in physiology and behaviour e.g. the circadian rhythms of plasma 
melatonin, cortisol and core body temperature maintain a specific phase relationship 
even in the free-running rhythms of totally blind people (Nakagawa et al., 1992;
Skene et al., 1999a). The fact that these internal rhythms do not all peak at the same 
time demonstrates that they are differentially controlled or differentially interpret 
signals from the central clock. The phase of a particular internal oscillation, in 
relation to the 24-hour day and other physiological or behavioural oscillations, is 
highly specific. It allows optimal functioning within the 24-hour day and appropriate 
interactions with other internal rhythms.
When a rhythm is in steady state the interval between phase reference points is 
constant and so is the period of the rhythm (Pittendrigh, 1965). Following a phase 
shifting signal the interval between phase reference points differs from the steady 
state period, being longer or shorter than the true t, and these intervals are defined as 
transients (Pittendrigh, 1965). This is particularly the case with phase advances, so 
that the phase shift observed immediately after stimulus application is an 
underestimation of the size of the total phase advance shift induced by the stimulus 
(Jewett et al., 1994). Phase markers often display several cycles of non steady state 
behaviour or transients before reaching a stable phase position (Jewett et al., 1997) 
when the true magnitude of any phase shift can be seen. It is proposed that the central 
clock is reset rapidly and that the transients reflect the time taken for a given phase 
marker to realign with the shifted central pacemaker (Pittendrigh, 1965). During 
transients phase relationships between different markers may also be altered if  they 
realign with the pacemaker at different rates. The number of transient cycles may 
depend on how tightly the marker rhythm is coupled to the pacemaker (Pittendrigh et 
al., 1958). Alternatively transients could reflect a dual, or multiple, oscillator system 
in which coupled oscillators show different responses to resetting stimuli and 
transients are the time taken for them to realign (Illnerova and Vanecek, 1982).
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1.2.4 Masking
Although circadian rhythms are generated by endogenous clocks they are still subject 
to external influences. An overt rhythm may be the result of the endogenous 
component of the rhythm due to the endogenous pacemaker, combined with 
exogenous or masking effects that are a result of the direct response of the body to the 
environment (Minors and Waterhouse, 1992). These masking effects can cause the 
overt rhythm to be an inexact representation of the internal clock and have been 
classified as follows:
Type 1 - direct effect of the normal environment
Type 2 A - behavioural changes in the organism in response to normal environmental 
changes
Type 2B - behavioural changes in the organism in response to abnormal 
environmental changes
Type 3 - modifications along the pathway from the internal clock to the overt rhythm 
(Minors and Waterhouse, 1989).
Light can exert strong masking effects on the behaviour or physiology of an animal 
(Saunders, 1977). Positive masking effects cause an increase in activity when the 
light goes on, which is frequently observed in diurnal animals, whilst negative 
masking effects are those in which light inhibits activity and thus are often seen in 
nocturnal animals (Saunders, 1977). Therefore 24-hour rhythms observed in a 24- 
hour LD cycle may not reflect entrainment or even a functional clock but merely the 
direct masking effects of light. Therefore the clock should be observed in constant 
conditions, such as constant darkness, to assess its intrinsic properties and determine 
whether it is functional.
1.2.5 Non-photic entrainment
Although light is the primary stimulus involved in entrainment a number of non- 
photic cues are known to influence the clock. Significant non-photic responses 
generally occur during the subjective day in rodents (Ralph and Mrosovsky, 1992). In 
rodents phase shifts can be elicited by novel situations (Reebs and Mrosovsky, 1989) 
and by dark pulses (Boulos and Rusak, 1982). Dark pulse PRCs are almost, but not 
exactly, mirror images of light PRCs and this difference is probably due to the fact 
that the dark pulse stimulus usually needs to be longer than a corresponding light
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pulse in order to get comparable phase shifts (Johnson, 1999). Temperature PRCs 
also exist for a number of organisms including Drosophila, some algae and lizards 
(Saunders, 1977). In Neurospora if the temperature cycle has an amplitude that fits 
with an environmental cycle then temperature predominates over the LD cycle as the 
major zeitgeber (Merrow et al., 1999).
Non-photic stimuli may influence circadian phase by acting as zeitgebers or they may 
act to modulate light exposure and photic input to the clock, in which case they are 
‘agents’ of photic zeitgebers (Mistlberger and Skene, 2003). In humans, social 
interaction and knowledge of clock time are too weak to maintain entrainment or 
synchrony among individuals co-habiting in < 8 lux (Middleton et al., 1996; 
Middleton et al., 2002). The social effects on the clock are probably weak due to the 
ability of humans to choose whether they ignore or respond to periodic social cues so 
that the presence of social zeitgebers is not sufficient to ensure entrainment 
(Mistlberger and Skene, 2003). Whether the sleep-wake cycle has any zeitgeber 
action or if it actually influences the clock by altering the light exposure pattern has 
been investigated using lighting levels that should not influence circadian phase. A 
24-hour sleep-wake cycle in 1.5 lux maintained entrainment for 55 days (Wright et 
al., 2001) and a sleep-wake schedule of 23.66 h in <0.2 lux was able to phase advance 
circadian rhythms (Danilenko et al., 2003). These results suggest that the zeitgeber 
was non-photic although the possiblity has to be considered that the sensitivity to light 
may have increased in prolonged dim light conditions such that the low level lighting 
used may have been sufficient to maintain synchrony (Mistlberger and Skene, 2003).
The predominance of the light-dark cycle as the primary entraining agent in humans is 
best demonstrated by the fact that blind humans, bilaterally enucleated with no 
perception of light, exhibit free running circadian rhythms and are not entrained 
despite living in a 24-hour society (Lockley et al., 1997). The circadian adaptation of 
night-shift workers is very slow despite large shifts in the sleep-wake cycle 
(Akerstedt, 1985; Eastman et al., 1995) and this is in part due to continual exposure to 
daytime light (Eastman et al., 1994; Mitchell et al., 1997). These results suggest that 
photic inputs override any non-photic inputs to the clock and therefore re-inforce the 
role of the light-dark cycle as the dominant entraining zeitgeber. Although non- 
photic zeitgebers do not have such a profound influence on the clock as light, they
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may be able to act to reinforce or modify the photic signal. This would allow the 
synchronisation of physiological rhythms to be fine-tuned or refined/adjusted under 
different situations such as changing season. Whilst light would entrain the circadian 
rhythms to 24 hours other zeitgebers could alter the phase angle of entrainment of 
specific rhythms to ensure appropriate synchronisation to particular environmental 
factors. Thus, in attempting to understand how the human circadian clock is entrained 
to a 24-hour day and appropriately synchronises physiological and behavioural events 
to the solar day, both photic and non-photic inputs to the clock need to be considered.
With an understanding of the principles of circadian rhythms it is possible to look at 
the components of the mammalian circadian system and the mechanisms underlying 
the observed rhythms.
1.3 THE MAMMALIAN CIRCADIAN SYSTEM
As the light-dark cycle is the most important zeitgeber involved in entraining the 
mammalian circadian system there must be photosensory elements that detect light 
signals, and a pathway, or pathways, which mediate this information to the central 
pacemaker. In mammals the eyes provide the photic input to the central clock via a 
monosynaptic projection known as the retinohypothalamic tract that is distinct to the 
visual pathway (section 1.3.1.2). The central clock resides in the suprachiasmatic 
nuclei (SCN) of the hypothalamus and drives circadian rhythms via a number of 
output pathways. The organisation of the mammalian circadian system is shown in 
Figure 1.3.
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Figure 1.3. Organisation of the mammalian circadian system. The SCN (suprachiasmatic nucleus) 
receives photic input from the retina, both directly via the RHT (retinohypothalamic tract) and 
indirectly via the IGL (intergeniculate leaflet) and GHT (geniculohypothalamic tract) pathway.
The IGL integrates photic input from the retina with non-photic input from the raphe serotonin neurons, 
locus ceruleus noradrenaline neurons, pontine cholinergic neurons and the retrochiasmatic area (RCA). 
Adapted from Moore, 1995.
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1.3.1 Clock inputs
1.3.1.1 The eye
The eye is the sensory organ responsible for detecting light and is essentially a hollow 
sphere divided by the lens into two compartments; aqueous humor and vitreous 
humor. Light rays enter the eye through the cornea (a transparent disc of tissue at the 
anterior) and are refracted before crossing the aqueous humor, a low protein plasma­
like fluid that is secreted by the ciliary epithelium supporting the lens. The light then 
passes through the pupil and is quantitatively regulated before passing through the 
lens, being further refracted, and finally focussed on the retina. The retina is the light 
sensitive lining of the eye containing the light detecting cells (photoreceptors). The 
photoreceptors transduce light energy into an electrical signal and finally these signals 
are processed by various neural pathways (Silverthom, 1998).
Studies of enucleated mammals, including humans, have demonstrated that the eyes 
provide the photic input to the central clock (Foster et al., 1991; Czeisler et al., 1995; 
Lockley et al., 1997) as photoentrainment cannot occur in the absence of the eyes. 
However, although the site of the photic detection is known, the photoreceptor(s?) 
involved have not been identified (section 1.6).
1.3.1.2 The retinohypothalamic tract
The photic information detected in the eye is conveyed from retinal ganglion cells 
(RGCs) to the SCN primarily via a monosynaptic pathway called the 
retinohypothalamic tract (RHT) (Klein and Moore, 1979). This trajectory is both 
anatomically and functionally distinct from the optic nerve, which is the neural 
pathway involved in visual processing. Thus the mammalian eye has parallel outputs 
that encode either visual images or irradiance information via the optic nerve and 
RHT, respectively.
1.3.1.2.1 Structure of the RHT and RGCs
The RHT projecting to the ventral SCN is made up of a distinct, relatively small set of 
retinal ganglion cells (RGCs). These RGCs are diffusely distributed across the entire 
retina (Pickard, 1980; Moore et al., 1995), with a slight tendency for more cells to be 
located around the periphery of the retina (Pickard, 1980). These retinal cells are 
morphologically homogenous and are known as type III retinal ganglion cells due to
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their large receptive field (Moore et al., 1995). This, combined with their broad 
retinal distribution, allows the ganglion cells to provide an integrated photic input 
from a large area of the retina, thus providing information about overall 
environmental irradiance. Although the circadian photopigment(s?) has not yet been 
identified, one of the primary candidates, melanopsin (see section 1.6.3.1), is 
exclusively expressed in the RGCs of the RHT (Gooley et al., 2001; Hannibal et al., 
2002a). In addition, these melanopsin-expressing cells have been shown to be 
intrinsically photosensitive (Berson et al., 2002) and thus it appears that the RHT 
itself is the circadian photosensory tissue that expresses the circadian photopigments.
1.3.1.2.2 Neurotransmitters of the RHT
The primary neurotransmitter of the RHT is thought to be the excitatory amino acid 
glutamate and both ionotropic and metabotropic glutamate receptors have been 
identified within the SCN (reviewed in Hannibal, 2002). In addition, it has recently 
been shown that, in rats, the neuropeptide PACAP (pituitary adenylate cyclase- 
activating polypeptide) is co-stored with glutamate in the retinal ganglion cells that 
form the RHT (Hannibal et al., 2000). Two types of PACAP receptors have also been 
located in the SCN and the mRNA of both these receptors shows a low amplitude 
circadian rhythm (Cagampang et al., 1998). This not only suggests that PACAP is a 
neurotransmitter within the RHT but also that there might be a circadian variation or 
‘gating’ in the response of the SCN to this signalling molecule which could explain 
the differential responses to light at different times of day. Other molecules that may 
also act as neurotransmitters in the RHT include L-aspartate and N-acetyl- 
aspartylglutamate (NAAG) (reviewed in Hannibal, 2002).
1.3.1.2.3 Light -induced phase shifts and glutamate
The RHT is primarily responsible for providing photic information to the clock and as 
such signalling in the RHT and the resultant responses in the clock are the basis of 
light-induced phase shifts. Light-induced gene expression has been used to determine 
if the clock has received photic information. Light induces the expression of the 
immediate early gene (IEG) c-fos in the SCN at times when light causes phase shifts 
(reviewed in Komhauser, 1996). However, the induction of this gene does not 
necessarily result in a light-induced phase shift (Hannibal et al., 2001a) and thus could 
just be a marker as opposed to being involved in resetting the clock. In contrast, the
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rapid photic induction of the clock genes mPerl and mPer2 at times when light 
induces phase shifts is thought to be part of the phase shifting mechanism (Zylka et 
al., 1998). Therefore c-fos, mPerl and mPer2 can be used as functional markers for 
the activation of the SCN by light.
The role of glutamate in light signalling to the clock is supported by a number of 
experiments. Application ofNMDA (a glutamate agonist) to the SCN in vivo mimics 
the light-induced phase shifts in the activity rhythm (Mintz and Albers, 1997) whilst 
NMD A antagonists block light-induced phase shifts (Vindlacheruvu et al., 1992). 
Furthermore glutamate agonists are able to induce c-fos expression (reviewed in 
Komhauser et al., 1996) and both peri and per2 in the SCN in vitro (Nielson et al.,
2001).
Light-induced phase shifts in the SCN are thought to involve a complex series of 
signalling events. It is thought that glutamate, released by the RHT, acts on NMDA 
receptors on postsynaptic cells in the SCN and the subsequent signalling pathways 
activated depend on the phase at which the light was administered. Light in the early 
subjective night causes phase delays and the effects of glutamate are mediated by 
release of intracellular calcium via ryanodine receptors (Ding et al., 1998). The 
downstream actions of calcium probably include activation of calmodulin, MAPK 
(mitogen activating protein kinase) and phosphorylation of cAMP response element 
binding protein (CREB) (reviewed in Reppert and Weaver, 2001). Light in the late 
subjective night results in phase advances and at this time glutamate activates nitric 
oxide (NO) production, activates soluble guanylyl cyclase and increases cGMP 
(reviewed in Reppert and Weaver, 2001). Thus there appears to be an intrinsic 
variation in the SCN that results in it being sensitive to phase resetting by different 
signalling pathways only at specific times of day in order to produce appropriate 
changes in phase.
1.3.1.2.4 lEGs
The products of the c-fos gene and several other LEGs are thought to be involved in 
cellular signal transduction by coupling transient stimuli to gene regulation within the 
nucleus of the cell. The Fos protein dimerises with members of the Jun family of 
proteins to form a transcriptional regulatory complex known as activating protein 1
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(AP-1) and this complex can bind to DNA in a sequence specific manner to regulate 
the transcription of target genes (reviewed in Komhauser et al., 1996). When rodents 
are exposed to light during their subjective night there is a dramatic and rapid, but 
transient, induction of both c-fos and c-jun mRNA and protein in the SCN (Rusak et 
al., 1990; Komhauser et al., 1992). This induction of c-fos has a circadian phase 
dependence that is specific to photic stimuli (Komhauser et al., 1996). Although c-fos 
induction is not always accompanied by a light-induced phase shift (Hannibal et al., 
2001a), the lEGs and the genes they regulate may be part of a signalling cascade or 
mechanism related to the clock.
1.3.1.2.5 PACAP
The role of PACAP in photic signalling to the clock appears to be complex. PACAP, 
in a similar way to glutamate, is able to act directly on the clock as PACAP injections 
in the SCN can phase shift the endogenous running wheel activity of hamsters in a 
manner analogous to that of light (Piggins et al., 2001). In addition, it appears that 
PACAP may play a role in regulating clock sensitivity to light and can modulate 
glutamatergic signalling to the SCN. Knockout mice lacking the PACAP receptor 
exhibit phase delays in response to light pulses both in the early and late subjective 
night. Co-administration of PACAP and glutamate in the early subjective night 
potentiates a glutamate-induced phase delay whereas co-administration in the late 
subjective night blocks the glutamate-induced phase advance normally seen (Hannibal 
et al., 2001b). These results suggest that PACAP is involved in the mechanism 
determining the direction of the phase shift in the late subjective night and that this 
may involve interacting with the glutamate signal (Hannibal, 2002).
1.3.1.2.6 RHT projections and interactions
In addition to the SCN the RHT also projects to a number of other brain areas 
including the anterior hypothalamic area, the retrochiasmatic area and the lateral 
hypothalamus (Johnson et al., 1988). The RHT also has inputs to the intergeniculate 
leaflet, pretectum and to some accessory optic nuclei (Moore et al., 1995). Efferent 
projections from parts of the brain that mediate behavioural states (such as arousal, 
sleep deprivation and metabolic changes) act in combination with humoral factors to 
modulate light-induced phase shifts (reviewed in Hannibal, 2002). The serotonergic 
pathway from the median-raphe nucleus (Meyer-Bemstein et al., 1997) can act
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presynaptically via receptors located on the RHT terminals and can block or modulate 
light-induced phase shifts in the early and late subjective night. It is possible that a 
behavioural state such as sleep deprivation could cause release of serotonin (5-HT) in 
the SCN area and modify release of transmitters from the RHT terminals and thus the 
response to light (see section 1.4.2.1).
1.3.1.3 The intergeniculate leaflet (IGL)
A further segment of the photic entraining pathway is the intergeniculate leaflet (IGL) 
of the lateral geniculate complex. The IGL also receives inputs from the retina as 
some of the RGCs that form the RHT bifurcate and send branches to the IGL as well 
as the SCN (Pickard, 1985). The IGL projects to three major areas: a) the SCN b) 
areas that also receive input from the SCN, such as the subparaventricular zone, and
c) visual areas, such as the olivary pretectal nucleus and the lateral and dorsal terminal 
nuclei of the accessory optic system (Moore et al., 2000). The projection from the 
IGL to the SCN is known as the geniculohypothalamic tract (GHT) (Card and Moore, 
1982). The IGL receives inputs from a large range of brain areas including the SCN 
and adjacent anterior hypothalamic area, the retrochiasmatic area (RCA) and the 
serotonin neurons of the midbrain raphe (reviewed in Moore, 1992). The neural 
connections of the IGL are shown in Figure 1.3.
The precise role of the IGL is unclear although it appears to be involved in non-photic 
entrainment via the GHT, which is composed of neuropeptide Y neurons (NPY) and 
innervates the ventrolateral SCN (Moga and Moore, 1997). This was demonstrated 
by the fact that the PRC of NPY is very similar to the PRC of non-photic stimuli 
(Reebs et al., 1989) and bilateral lesions of the IGL block phase shifts that normally 
occur in response to a novel running wheel (Janik and Mrosovsky, 1994). Arousal by 
injection of saline is a non-photic cue that can entrain the behavioral rhythms of 
Syrian hamsters but this response is abolished in IGL lesioned Syrian hamsters. This 
demonstrates that the IGL is required for arousal-induced non-photic entrainment 
(Maywood et al., 1997).
The IGL also appears to be involved in the integration of photic information.
Ablation of the IGL alters the photic response of the circadian system such that the 
magnitude of phase advances in response to a light pulse is reduced whilst light-
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induced phase delays are increased (Pickard et al., 1987). Moreover, the lengthening 
of tau on transfer to constant light was not observed in IGL-lesioned animals (Pickard 
et al., 1987). Thus the IGL may be involved in mediating both the tonic and phasic 
effects of light on the circadian system. In constant dark IGL ablation results in a 
lengthening of tau suggesting that the IGL is exerting an influence on the SCN even 
in the absence of non-photic or photic stimuli (Pickard, 1994). Cells in the IGL thus 
appear to integrate photic and non-photic information and convey this to the SCN via 
the GHT (Moore, 1992). The fact that the IGL also has projections to SCN-recipient 
areas (Moore et al., 2000) could provide a further mechanism by which the IGL can 
modulate the output of the SCN and thus influence circadian rhythms.
1.3.2 The SCN
In mammals the ‘master’ circadian clock responsible for generating overt circadian 
rhythms is situated in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus. 
The SCN are a paired structure situated just above the optic chiasm in the anterior 
hypothalamus, with each nucleus composed of about 10 000 neurons (Moore et al., 
2002). The SCN receives afferent inputs from six major areas of the nervous system 
and these inputs are topographically organised both in the SCN and adjacent peri- 
SCN region (Moga and Moore, 1997). The afferent and efferent projections of the 
SCN are shown in Figure 1.4.
The site of the clock was first established in the 1970s when it was recognised that 
SCN lesions resulted in a loss of circadian function (Moore and Eichler, 1972;
Stephan and Zucker, 1972). The fact that the SCN is an autonomous self-generating 
clock was demonstrated by SCN graft experiments. A SCN-lesioned hamster not only 
had circadian activity rhythms restored with a SCN graft but the period (t ) of the 
restored rhythms was determined by the donor SCN tissue such that the recipient 
hamster exhibited the tau of the donor hamster (Ralph et al., 1990).
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1.3.2.1 Individual oscillators
The oscillatory machinery of the SCN is cell autonomous and individual SCN cells 
oscillate with widely varied circadian periods despite the presence of many functional 
synapses (Welsh et al., 1995). Thus the central clock is composed of many individual 
oscillators. Interactions among these result in a common output: the free-running 
period (t ) which is the mean period of all the ‘clock’ cells in the SCN (Liu et al.,
1997). GAB A (y-aminobutyric acid) is an important coupling agent involved in 
synchronising SCN neurons (Liu and Reppert, 2000). Virtually all SCN neurons are 
GABAergic and GAB A differentially affects SCN neuronal firing depending on the 
time of day of application (Liu et al., 1997). The proposed advantage of such a multi- 
oscillatory system is that only a sub-population o f ‘clock’ cells need to respond to an 
entraining stimulus in order to resynchronise the whole population through 
interactions (Liu et al., 1997).
1.3.2.2 The core and the shell: functional heterogeneity
Each of the two nuclei of the SCN is anatomically and functionally organised into two 
subdivisions on the basis of cytoarchitecture and neuropeptide immunoreactivity. 
There is a ventral subdivision, now known as the ‘core’, and a dorsal subdivision, 
known as the ‘shell’. These subdivisions have distinct projections (Leak and Moore, 
2001) and are each capable of generating intrinsic rhythmicity independently of each 
other (Shinohara et al., 1995).
In the rat the ‘core’ makes up 43% of the total neuronal population of the SCN 
(Moore et al., 2002) and lies adjacent to the optic chiasm. This subdivision is made 
up predominantly of neurons that produce vasoactive intestinal polypeptide (VIP) or 
gastrin-releasing peptide (GRP) co-localised with GAB A. The surrounding shell is 
composed of arginine vasopressin (AVP)-producing neurons in the dorsomedial 
portion and a smaller population of calretinin (CAR)-producing neurons dorsally and 
laterally, co-localised with GABA (reviewed in Moore et al., 2002).
The interactions between the core and shell as well as between the two nuclei appear 
to be highly specific and may reflect the interactions, regulation and hierarchy of the 
various inputs to the SCN. There are projections from the shell to the contralateral
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shell and from the core to the contralateral core. However only the core and the shell 
on the same side can interact and this is a one-way interaction with only projections 
from the core to the shell (Moore et al., 2002).
1.3.2.3 SCN inputs
In order for entrainment to occur there must be a circadian sensitivity of the 
pacemaker to photic and non-photic inputs. The SCN undergoes a daily rhythm in 
sensitivity to stimuli that can adjust its phase. The receptive periods correlate with 
discrete phases of the daily cycle and some may be restricted to subjective day, others 
to subjective night and others to day/night transitions (reviewed in Gillette and 
Mitchell, 2002). PACAP and cAMP can only reset the clock during the daytime, and 
they do this by phase advances, whereas acetylcholine and cGMP can only phase 
advance the clock during the subjective night (reviewed in Gillette and Mitchell,
2002).
The SCN receives afferent inputs from six major areas: the retina, the limbic system, 
the hypothalamus, the raphe nuclei, the paraventricular thalamus and the extraretinal 
visual system (e.g. IGL, pretectum) (Moga and Moore, 1997) (Figure 1.4). The 
primary function of the retinal input (RHT) is circadian entrainment (section 1.3.1.2), 
whilst the serotonergic input from the midbrain raphe modulates the circadian 
response to light (Rea et al., 1994) and the IGL is involved in mediating non-photic 
entrainment and projects to the SCN via the GHT (Moore and Card, 1994). The retina 
and IGL project mainly to the ventral SCN and the midbrain raphe nuclei innervate 
the entire SCN but with a ventral predominance. The median raphe nuclei are the 
major source of serotonergic innervation to the rat SCN (Moga and Moore, 1997).
The SCN receives an indirect photic input from the retinorecipient pretectum with 
cells from the olivary pretectal nucleus, medial pretectal area and the posterior 
pretectal nucleus projecting to the SCN (Moga and Moore, 1997). The hypothalamic 
SCN input arises from at least 11 different cell groups and in general these project to 
the dorsal SCN subdivision as well as the peri-SCN regions (Moga and Moore, 1997). 
A similar input pattern exists for the limbic afferents and it is suggested that the peri- 
SCN region may allow interaction between the limbic system and the circadian
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pacemaker (Moga and Moore, 1997). The organisation of these inputs suggests 
functional heterogeneity within the SCN.
1.3.3 SCN outputs
The SCN projects to four primary output areas: the paraventricular thalamic nucleus 
(PVT), the subparaventricular zone (SPVZ), the retrochiasmatic area (RCA) and the 
IGL (reviewed in Moore, 1995) (Figure 1.4). Each of these four areas in turn has 
outputs to a series of projection areas, which control a variety of functions, and thus 
the circadian signal is disseminated. The SPVZ projects to the hypothalamus, which 
affects temperature regulation and pineal melatonin, whilst the RCA projects to the 
basal forebrain which in turn affects behavioural state control (reviewed in Moore,
1995). The SCN projects directly to two groups of posterior hypothalamic neurons, 
one producing hypocretins and the other melanin-concentrating hormone, and this is 
thought to be the mechanism by which the arousal function of the circadian system is 
mediated (Abrahamson et al., 2001). All the primary output areas also project onto the 
SCN thus providing a mechanism of feedback regulation.
It appears that these projections originate differentially from the core and shell (Leak 
and Moore, 2001) and thus the signal received by the four output areas may vary 
depending on the origin of the SCN signal. Many of the circadian rhythms controlled 
by the SCN differ in phase and amplitude. The ability of the SCN to control multiple 
rhythms is thought to be achieved by the variety of neurotransmitters and 
neurotransmitter combinations in the SCN neurons as well as differential timed 
release of these transmitters (Kalsbeek and Buijs, 2002).
Processing within the SCN is proposed to involve 4 steps (Moore et al., 2002):
1) integration of visual and related entraining input in the core.
2) intrinsic connections within one nucleus from core to core, core to shell and shell 
to shell neurons.
3) connections from one core to another and from one shell to the other.
4) integration in the shell of core inputs and non-visual inputs.
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Core output originates from core neurons and is modified primarily by photic 
entrainment. Shell output reflects the output of coupled shell neurons, modified by 
photoentraining input from the core and non-visual inputs (Moore et ah, 2002).
Although precise neural connections from the SCN to output areas are required to 
maintain rhythmicity of endocrine rhythms it appears that many behavioural rhythms 
are driven by a diffusible signal. A transplanted and encapsulated SCN is capable of 
restoring behavioural rhythms such as drinking and locomotor activity (Silver et al.,
1996) but cannot restore endocrine rhythms such as melatonin release (reviewed in 
Kalsbeek and Buijs, 2002). Therefore it appears that the circadian signal from the 
SCN involves both precise synaptic connections and the release of diffusible signals. 
These different signals, which will have different kinetics and mechanisms of action, 
as well as the origin of the signal within the SCN further explain how the SCN can 
drive different rhythms in different phases.
1.3.4 Molecular basis of the clock
The molecular clock generates self-sustaining circadian oscillations via interacting 
positive and negative autoregulatory transcriptional and translational feedback loops 
(Hastings and Maywood, 2000; Shearman et al., 2000a; Reppert and Weaver, 2001). 
Built into these feedback loops are appropriate time delays, which are important in 
determining the period of the oscillation (Hastings and Maywood, 2000). A simple 
model of how the circadian oscillation is generated can be described by an 
autoregulative negative feedback loop involving at least one clock gene (Roenneberg 
and Foster, 1997) (Figure 1.5).
In this way there is a self-sustained circadian oscillation with rhythmic expression of 
mRNA phase-leading rhythmic abundance of protein (Hastings and Maywood, 2000). 
The period and oscillatory nature are generated by appropriate time delays built into 
various stages of the system. Accumulation of mRNA, accumulation of active 
protein, nuclear entry, interactions with other proteins, half-life of mRNA and protein 
as well as targeted protein degradation are all mechanisms involved in sustaining the 
oscillation (Hastings and Maywood, 2000).
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Figure 1.5. A model of the generation of a circadian oscillation: a) the expression of 
clock gene (X) is driven by positive regulators such that X mRNA levels increase b) 
there is a time delayed increase in clock protein X expression c) at a certain point the 
clock protein X enters the nucleus and switches off transcription of its own gene d) 
there is a reduction of X mRNA e) there is a subsequent decrease in X protein 
f) positive activation of X gene expression begins again when the levels of X protein 
have decreased, so that there is no negative feedback, and thus the whole cycle begins 
again.
The clockwork mechanism has been uncovered by the identification of a number of 
clock genes, which are usually defined as genes whose products are required for the 
generation and/or maintenance of the circadian clock (Balsalobre, 2002). The 
contribution of these genes to the clockwork has been assessed by examining mutant 
strains and knockout models and looking for alterations in period length and overall 
rhythmicity. The most studied and understood clock mechanism is in the ffuitfly 
Drosophila where there appear to be six major genes involved: period, timeless, 
cryptochrome, clock, cycle and doubletime. There are a lot of similarities between the 
clock mechanism in mammals and Drosophila with many of the clock genes in 
Drosophila having mammalian orthologs, which suggests that the clock mechanism is 
highly conserved. However, it appears that over the course of evolution the clock has 
become more complex with more than one mammalian homolog for a Drosophila 
clock gene and alterations in the interactions of the various positive and negative 
loops (reviewed in Reppert and Weaver, 2001). A brief overview of the Drosophila
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clock will be given as it is more fully understood than the mammalian clock and the 
principles of this simpler clock can be applied to the more complex mammalian clock, 
allowing a greater appreciation of the molecular interactions.
1.3.4.1 The Drosophila clock
The core clock components are period {per) and timeless {tim) whose mRNA and 
protein products cycle with a 24-hour period, with an approximate 4-6 hour lag 
between mRNA and protein cycles (Hardin et al., 1990; Sehgal et al., 1995). A 
summary of the molecules and feedback loops involved in the Drosophila clock 
mechanism is shown in Figure 1.6. The positive feedback loop of the clock involves a 
protein complex consisting of two transcription factors, CLOCK and CYC, which are 
bound together via their PAS protein dimérisation domain. They both contain basic 
helix-loop-helix (bHLH) DNA binding domains, via which they bind to an E-box 
motif in the promoter region of the period and timeless genes and drive their 
transcription (Darlington et al., 1998). The negative feedback element of the clock 
involves the PER-TIM heterodimer entering the nucleus and interacting with the 
CLOCK-CYC heterodimer to repress their own transcription (Darlington et al., 1998).
Time delays in the system can be used to ensure that an appropriate tau is maintained 
and this is achieved by phosphorylation. Monomeric PER is phosphorylated by the 
kinase DOUBLETIME (DBT) and this destabilises PER possibly by targeting it for 
degradation (Kloss et al., 1998; Price et al., 1998) such that PER-TIM heterodimers 
only accumulate when there is sufficient TIM present in the cytoplasm to stabilise 
PER. It is not clear if all cytoplasmic PER is phosphorylated, and thus binding to 
TIM stabilises phosphorylated PER, or if only PER proteins that are not 
phosphorylated heterodimerise with TIM (Kloss et al., 1998). The stability of PER 
and the duration of negative feedback is dependent on dimérisation with TIM. It was 
shown that the most highly phosphorylated form of PER exists in the nucleus (Edery 
et al., 1994) and that it appears that PER, TIM and DBT may enter the nucleus as a 
complex (Kloss et al., 2001). It is postulated that nuclear TIM is phosphorylated by 
Shaggy, an ortholog of the mammalian glycogen synthase kinase-3, and that this 
phosphorylation of nuclear TIM triggers its dissociation from the PER-TfM-DBT 
complex. Upon dissociation from TIM the PER protein becomes
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hyperphosphorylated, by DBT or other kinases, which targets it for degradation, 
eliminating the negative feedback element, and thus completes the oscillation.
The action of light on the clock involves TIM, which is rapidly degraded in response 
to light (Hunter-Ensor et al., 1996). In the early subjective night light acutely 
decreases TIM levels at a time when it is accumulating but as the mRNA levels are 
high at this point the proteins can be replaced by newly synthesised TIM, thus 
resulting in a phase delay (Hunter-Ensor et al., 1996). Light in the late subjective 
night decreases TIM levels prematurely which results in a phase advance of the clock. 
This light sensitivity involves a subcellular photoreceptor, which has since been 
identified as cryptochrome, a FAD and pterin-containing photopigment with high 
sequence homology to the light-activated DNA photolyases (Ahmad and Cashmore, 
1993). It is postulated that CRY is normally bound by a nuclear factor that prevents it 
interacting with PER or TIM in the dark. Upon light activation this factor is 
deactivated or disassociated from CRY which allows CRY to interact with TIM 
(Rosato et al., 2001) and this association targets TIM for degradation, possibly by 
phosphorylation.
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1.3.4.2 The mammalian clock
There are many similarities between the Drosophila and murine clock, but there are 
also differences in the roles and interactions of the molecules. Although the precise 
interactions of all the components are not fully understood it is possible to discuss the 
potential roles and activities of each clock gene based on the Drosophila clock model. 
In mammals there are three period genes Qn-Per 1-3) (Zylka et al., 1998) and two 
cryptochrome genes (mCryl and mCry2) that appear to be involved in the negative 
feedback loop. Rhythmic transcription of these clock genes is driven by a 
heterodimer of the bHLH PAS protein containing transcription factors CLOCK and 
BMAL1 (which are mammalian orthologs o îDrosophila CLOCK and CYC) (Gekakis 
et al., 1998; Kume et al., 1999). At the protein level the rhythmic abundance of 
mPERl and mPER2 in SCN nuclei coincides with rhythms of mCRY 1 and mCRY2 
(Kume et al., 1999). A model of the mammalian clock is shown in Figure 1.7.
At CT 0, CLOCK-BMAL 1 heterodimers drive transcription of mPer and mCry genes 
with mPerl mRNA peaking at CT 4 - 6, mPerS at CT 4 -  8, mPerl at CT 8 (Albrecht 
et al., 1997; Zylka et al., 1998) and mCryl at CT 10 (Reppert and Weaver, 2001).
The mCRY and mPER proteins accumulate in the cytoplasm and form multimeric 
complexes that are then translocated to the nucleus. In the nucleus both mCRYl and 
mCRY2 can each act as negative regulators by interacting with the CLOCK-BMAL1 
complex to inhibit transcription. This negative regulation is thought to involve direct 
protein interaction between the mCRY protein and either or both transcription factors 
and this interaction occurs independently of the mPER proteins and of the other CRY 
protein (Shearman et al., 2000a). Simultaneously mPER2 is involved in enhancing 
transcription of Email either by shuttling a transcriptional activator into the nucleus 
or coactivating a transcriptional complex, which leads to peak Email mRNA levels at 
CT 15 (Shearman et al., 2000). The subsequent increase in BMAL1 protein towards 
the end of the subjective night allows the CLOCK-BM AL1 heterodimers to 
accumulate and start to positively regulate per and cry transcription (reviewed in 
Reppert and Weaver, 2001).
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It is suggested that mPER proteins in the nucleus are subject to proteosome 
degradation and this reduction in mPER somehow causes destabilisation of mCRY 
proteins, which leads to their subsequent degradation (Okamura, 2003). The 
reduction in mCRY proteins will allow CLOCK-BMAL1 positive transcriptional 
regulation to begin again and thus the cycle recommences (Figure 1.7).
As in Drosophila appropriate time delays are introduced into the system by 
phosphorylation. A mammalian homolog of Drosophila DBT has been identified and 
is known as casein kinase I epsilon (CKIe). The tau mutation in the Syrian hamster is 
a semi-dominant mutation that causes a short-period phenotype (Ralph and Menaker,
1998) and it is now known that the tau locus encodes CKIe (Lowrey et al., 2000). 
Phosphorylation by CKIe alters the cellular location of mPERl and also reduces the 
stability of mPERl in vitro (Vielhaber et al., 2000) so the mutant CKIe may influence 
period due to changes in its ability to phosphorylate or bind mPERl. This in turn 
could alter the stability of mPERl or change its ability to interact with other 
molecules (reviewed in Reppert and Weaver, 2001).
Thus the basic system of interacting negative and positive loops is similar to that in 
the fly. There are differences in the positive loop, whereby in mammals Email cycles 
whilst clock is constitutively expressed but in Drosophila it is dclock that cycles 
whilst eye is expressed at a constant level. The negative feedback loop in mammals 
differs in a number of ways not only in the number of molecules involved but also in 
their respective functions and dominance. The mammalian ortholog of timeless does 
not appear to be involved in nuclear translocation of PER (Kume et al., 1999) whilst 
the cryptochrome genes have evolved from their role as a light input to the clock in 
Drosophila to being an essential part of the mammalian clock (van der Hoorst et al.,
1999).
1.3.4.2.1 Cryptochromes
The two mammalian cryptochromes, mCryl and mCry2^ are essential components of 
the clock itself. Whilst there is a rhythm in mCryl mRNA which is followed by a 
rhythm in mCRYl protein there is no oscillation in mCry2 mRNA. Therefore there 
must be post-transcriptional mechanisms which primarily drive the rhythm of mCRY2
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protein (reviewed in Reppert and Weaver, 2001). Mice lacking mCryl exhibit 
shortened free running periods (van der Hoorst et al., 1999) whereas mice without 
mCryl have lengthened free running periods (Thresher et al., 1998; van der Hoorst et 
al. 1999), which suggests that the two CRY proteins antagonistically regulate the 
period length of the clock (van der Hoorst et al., 1999). The fact that the two mCry 
genes appear to alter period length in opposite directions may be due to differences in 
their affinities for other clock components or different overall levels of each of the 
two proteins that alter the kinetics of the feedback (reviewed in Reppert and Weaver,
2001). The fact that double knockout mice lacking both cryptochromes become 
instantly arrhythmic upon transfer to constant darkness (DD) (van der Hoorst et al.,
1999) confirms that cryptochromes are vital for the functioning of the mammalian 
clock.
1.3.4.2.2 The period genes
The three mammalian period genes were identified by their homology with the 
Drosophila period gene. It has been shown by in vitro studies that the mPER proteins 
can modestly inhibit CLOCK-BM AL 1 mediated transcription (Jin et al., 1999) but 
there is no in vivo evidence of an important role of mPERs in the negative feedback 
loop. As mCRYl and mCRY2 are powerful inhibitors of CLOCK-BM AL 1 mediated 
transcription (Kume et al., 1999) and this activity does not require mPER proteins 
(Shearman et al., 2000a) it appears that the mPER proteins may have other distinct 
functions. Mice lacking mPerl or mPer2 exhibit severely disrupted locomotor 
rhythms in DD and double mutant mice are immediately arrhythmic (Bae et al., 2001) 
which demonstrates that these genes are vital for clock function.
The mPERl protein is thought to influence circadian rhythms via interaction with 
other clock proteins (Bae et al., 2001). Mice lacking mPerl showed unaltered gene 
expression in mPer2, mCryl and Email but did show a reduction in the number of 
mPER2 and mCRYl immunoreactive nuclei (Bae et al., 2001). It is postulated that 
mPERl may affect the stability and/or the nuclear entry of mPER2 and mCRYl (Bae 
et al., 2 0 0 1 ).
It appears that mPer2 is involved in the positive regulation oiEmail transcription and 
that mCRY proteins are required for the stabilisation of mPER2 (Shearman et al.,
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2000a). Nuclear transport of mPER2 requires interaction with mCRY, via a 
mechanism that does not involve a PAS domain. It is thought that mPER2 mediated 
transcription cannot involve direct interaction as mPER2 does not contain a DNA 
binding domain (Shearman et al., 1997) and so it must either shuttle a transcription 
factor into the nucleus, binding to it via the PAS domain, or interact with a nuclear 
transcription factor already present (reviewed in Reppert and Weaver, 2 0 0 1 ).
The role of the mPerS gene in the clock seems to be subtle. Mice lacking mPerS 
exhibit robust oscillations in mPerl, mPer2, mCryl and Email mRNA levels and 
maintain rhythmic activity rhythms in DD (Shearman et al., 2000b). The only change 
observed in mPerS knockout mice is a shortening of their free running period by 30 
minutes (Shearman et al., 2000b). These results suggest that mPer3 is not essential 
for the functioning of the clock but that it may have a minor role in modifying period 
length.
1.3.4.2.3 Light and the molecular clock
Light induction of mPerl is thought to be the primary stimulus for the photic resetting 
of the clock. Both mPerl and mPerl show acute, but different, responses to light 
whereas mPerS is unresponsive (Zylka et al., 1998). mPerl expression is induced by 
light during the early subjective night (CT 14), so that levels are significantly elevated 
within an hour of the pulse, peak after 2  hours and return to control levels by 6  hours. 
A light pulse at CT 23 causes rapid induction of mPer2 after 30 minutes but with a 
reduced amplitude compared to that at CT 14, and a return to control levels within 2 
hours (Zylka et al., 1998). This qualitative and quantitative difference in mPer2 
induction at different times of night suggests that there may be a relationship between 
mPer2 induction and the direction of behavioural responses to light (Zylka et al.,
1998). In contrast the induction of mPerl is similar throughout the circadian cycle 
with acute induction of mPerl after a 15 minute light pulse with levels significantly 
elevated within 15 minutes, peaking after one hour and returning to control levels 
after 3 hours (Zylka et al., 1998).
For alterations in gene expression to be functionally meaningful they must be 
translated into alterations in protein levels. The model in which mPerl is the primary 
stimulus for resetting the circadian clock is supported by the fact that mPERl protein
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levels were altered by light exposure at night (Field et al., 2000). The alterations were 
small and occurred 4-9 hours after the light pulse. It is postulated that, as it is the 
mCRYs and not mPERs that are required for negative transcription regulation, the 
mPERl protein may influence the clock mechanism by stabilising mCRY and thus 
extending the duration of negative feedback (Field et al., 2000). This would fit with 
the phase delay response to light but not the phase advancing response and thus 
mPERl may act via another mechanism in the late subjective night (reviewed in 
Reppert and Weaver, 2001).
The relationship between per gene activity and behavioural phase shifts has recently 
been examined in different areas of the SCN by looking at light-induced expression of 
mPerl and mPer2 (Yan and Silver, 2002). In the core region of the SCN light- 
induced expression of mPerl occurs throughout the subjective night whereas light 
induction of mPer2 only occurs during the early subjective night. In the shell region 
there is light-induced expression of mPer2 but not mPerl in response to a light pulse 
in the early subjective night whereas a light pulse in the late subjective night induces 
expression of mPerl but not mPer2 (Yan and Silver, 2002). Therefore mPerl 
expression in the shell corresponds to phase advances whilst mPer2 expression in the 
shell corresponds to phase delays. As the core region receives the retinal input it 
appears that behavioural phase shifts only occur when light-induced per expression 
has spread from the core to the shell and it is the expression of the specific per gene in 
the shell that determines the direction of the phase shift.
1.3.5 Peripheral oscillators
The site of the SCN as the mammalian circadian clock has been established and SCN 
ablation eliminates circadian rhythms of behaviour, endocrine output and many 
biochemical processes (Turek, 1985). The interlocked transcriptional/translational 
feedback loop involving oscillating clock gene products was thought to constitute the 
central clock mechanism and therefore would be exclusive to the SCN (reviewed in 
Allen et al., 2001). Therefore it was surprising when it was discovered that these 
clock genes are also rhythmically expressed in many peripheral tissues, such as the 
liver and heart, with the phase of these oscillations delayed relative to the phase in the 
SCN (Zylka et al., 1998). Furthermore it is possible to induce clock gene expression 
in cultured fibroblast cells with a serum shock (Balsalobre et al., 1998). It was not
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clear if these peripheral tissues that express rhythmic clock genes are self-sustaining 
oscillators that are simply entrained and set to a specific phase by the SCN. 
Alternatively the SCN may drive this rhythmicity, which can then be used for local 
temporal co-ordination within the tissue.
The immortalised rat SCN cell line (SCN 2.2) co-cultured with NIH/3T3 fibroblasts 
was used to investigate the oscillatory properties of non-SCN tissues. Only SCN 2.2 
cells were capable of endogenously generating circadian rhythms in 2 -deoxyglucose 
(2-DG) uptake, a marker of circadian metabolic activity, and per gene expression 
(Allen et al., 2001). The SCN 2.2 cells conferred circadian rhythms in 2-DG uptake 
and per gene expression in the NIH/3T3 fibroblasts via a diffusible signal and the 
phase of the rhythms was delayed by 4 hours for the 2-DG uptake and 12  hours for 
per expression. This different phase relationship demonstrates either that one signal 
can be interpreted differentially within one cell or that the SCN is releasing several 
precisely timed signals. Continued exposure to the SCN 2.2 outputs was required to 
sustain this rhythmicity. Although serum shock could induce rhythmic clock gene 
expression in the fibroblasts it could not induce rhythmic metabolic activity. 
Furthermore the serum shocked fibroblasts could not drive rhythmic per expression in 
co-cultured untreated fibroblasts. Thus circadian expression of clock genes is not 
sufficient to confer pacemaker function on a tissue: SCN-specific outputs are 
necessary to drive rhythmic metabolic activity and these SCN signals are not simply a 
direct product of clock gene oscillations (Allen et al., 2001). Therefore the SCN has 
other specific properties that firstly allow it to be an endogenously self-sustained 
oscillator and secondly generate specific output signals that can drive rhythmic 
activity in other tissues.
SCN clocks can be defined as pacemakers which are able to independently generate 
and maintain their circadian oscillations whereas peripheral clocks are oscillators 
which require external signals to sustain and/or synchronise their circadian rhythms 
(Balsalobre, 2002). The lag between central and peripheral clocks probably reflects 
the rapid input to SCN neurons (electrical signals from retinal cells) versus the slower 
input to the peripheral cells (humoral signals) (Balsalobre, 2002). Investigations into 
the nature of these humoral synchronising signals (timing ligands) have used cultured 
fibroblasts and it appears that several signalling pathways are able to influence
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circadian rhythmicity. These include glucocorticoids which can phase shift circadian 
gene expression in mouse liver, kidney and heart without affecting SCN neurons, 
which do not express the glucocorticoid receptor (Balsalobre et al., 2 0 0 0 ). This seems 
to be a potential mechanism of synchronising peripheral tissues without allowing 
feedback. Glucocorticoids are not essential as disrupting their receptors in mice does 
not affect clock gene expression in the periphery. Other potential timing ligands, that 
can trigger per expression in cultured fibroblasts, include forskolin, some growth 
factors (which activate PKC and the MAP kinase signalling pathway) and retinoic 
acid (reviewed in Balsalobre, 2 0 0 2 ). Therefore it appears that the resetting of 
peripheral clocks may result from a balance of different signalling pathways.
Certain factors appear to be able to uncouple peripheral oscillators from the SCN. 
When food is available ad libitum nocturnal rodents will mainly eat during the dark 
phase. If feeding is restricted to the light phase then clock gene expression in 
peripheral clocks is inverted, compared to animals fed in the dark phase, but is 
unaffected in the SCN (Damiola et al., 2000). Resetting by restricted feeding 
occurred faster in some tissues, such as the liver, than in others, such as the lung, 
confirming that this resetting is autonomous. It may be that peripheral clocks are 
normally synchronised by the SCN to a specific phase. However, alterations in 
exogenous factors related to the functioning of the tissue (e.g. the liver and feeding) 
may result in the peripheral tissue being reset to ensure continued optimal 
physiological functioning. The SCN signal may be used to remain entrained to 24- 
hours whilst the tissue specific cue determines the phase angle of entrainment and 
thus it is possible to override the SCN signal in extreme/unusual conditions.
1.3.6 Two oscillator model
The SCN is the central clock driving circadian rhythmicity but within that structure it 
has been proposed that the circadian pacemaker is composed of two oscillators: a 
“morning oscillator” (M) that locks onto dawn and an “evening oscillator” (E) which 
locks onto dusk (Pittendrigh and Daan, 1976). This dual pacemaker allows changes in 
day length to be measured and appropriate adjustments in behaviour and physiology 
to be made (Pittendrigh and Daan, 1976). This theory was developed to explain the 
phenomenon of “splitting” of the activity rhythms in rodents whereby a single daily
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period of physical activity is able to dissociate into two stably coupled components 
about 12  hours apart.
It was proposed that the two oscillators have to be nearly identical in order to have 
two stable coupling modes: in phase and antiphase, as occurs in “splitting” (Daan and 
Berde, 1978). Recent evidence in behaviourally “split” hamsters has shown that one 
of the two SCN expresses Per 1 mRNA (a marker of subjective day) whilst the other 
is simultaneously expressing Email (a marker of subjective night) (de la Iglesia et al.,
2000). This finding suggests that splitting is a result of coupling in antiphase of the 
left and right SCN. ‘Splitting’ is also sometimes observed in humans in the sleep- 
activity rhythm, with sleep occurring in two major episodes instead of one (Wehr,
1992), and in the melatonin rhythm which has been observed in some subjects to have 
two nocturnal peaks (Arendt, 1985; Wehr et al., 1995).
The presence of two oscillators has been used to explain the non-parallel, light 
induced phase shifting of the melatonin onset and offset (Illnerova et al., 1992) and 
the rise and decline of N-acetyltransferase (NAT) (rate limiting enzyme in the pineal 
synthesis of melatonin) (Illnerova and Vanecek, 1982). It appears that the decline or 
offset of melatonin production, associated with the M oscillator, responds more to 
phase advancing light pulses and that the onset or rise, associated with the E oscillator 
responds more to phase delaying light pulses. This fits with a model where the E 
oscillator is decelerated by light and accelerated by darkness and thereby locks onto 
dusk whereas the M oscillator is accelerated by light and decelerated by darkness and 
therefore is locked to dawn (Daan et al., 2001).
It was postulated that each oscillator may have its own PRC to light with the E 
oscillator having only phase delays and the M oscillator having only phase advances 
(Pittendrigh and Daan, 1976). Alternatively the PRC of each oscillator may contain 
advances and delays with a larger advance region in the M PRC and a larger delay 
region in the E PRC (Daan et al., 2001). PRCs for the rise (E) and decline (M) of 
NAT show that the E oscillator has a large delay region but no advance region 
whereas the M oscillator has a large advance region but also a delay region (Illnerova 
and Vanecek, 1982). This is interpreted as the two oscillators having different 
responses to light. In addition, the presence of a delay region in the M oscillator PRC,
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combined with the fact that phase advances of the E oscillator are only achieved via 
many transient cycles, suggests that the E oscillator has a bigger effect on the M 
oscillator than vice versa and that it is more difficult to force E to advance than to 
force M to delay.
The two oscillators must be coupled in some way as under free-running conditions 
they both assume the same frequency (Daan et al., 2001). In LD cycles this coupling 
force opposes the differential control of each oscillator by light and maintains the two 
oscillators in a particular phase relationship. This coupling force remains to be 
identified. It should be noted that there is no conclusive evidence for or against the 
existence of M and E oscillators but it is a plausible model that can be used to explain 
a variety of phenomena. It is possible that the differential responses of the morning 
and evening phase markers may be due to transients which occur whilst the phase 
marker realigns with the shifted central pacemaker (Pittendrigh, 1965) (section 1.2.3). 
There is no evidence that there is any functional distinction between the right and left 
nuclei of the SCN, that would correspond to the M and E oscillator (reviewed in Daan 
et al., 2001). In fact each nucelus appears to be similarly organised, both 
anatomically and functionally, into two subdivisions (the ‘core’ and the ‘shell’), 
which have distinct projections (Leak and Moore, 2001) and can generate intrinsic 
rhythmicity independently of each other (Shinohara et al., 1995) (section 1 .3 .2 .1). 
These data imply that within each nucleus different regions have different functions 
but that the 2 nuclei are functionally the same and therefore are not the M and E 
osillators.
1.3.7 Factors affecting the clock
The phase angle of entrainment of the clock to the environment and the phase 
relationship of internal circadian rhythms can be influenced by internal factors.
1.3.7.1 Morningness-eveningness
It has long been known that individual differences exist in the time of day that people 
prefer to carry out various activities. The morningness-eveningness self assessment 
questionnaire was developed in 1976 (Horne and Ôstberg, 1976) and classifies 
individuals as definite morning types, moderate morning types, neither type, 
moderately evening type and definite evening types. Morning (M) types had a
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significantly earlier peak in their oral temperature rhythm and earlier bed and wake­
time when compared to evening (E) types (Horne and Ôstberg, 1976) suggesting that 
time of day preference may be influenced by the circadian clock driving these daily 
rhythms. It has been hypothesised that the length of the free-running period 
determines phase position with a tau < 24 hours resulting in an earlier circadian phase 
and more morning tendencies and conversely a tau > 24 hours resulting in a later 
circadian phase and more evening tendencies (Baehr et al., 2000). The mechanism 
underlying this time of day preference and the influence it has on circadian rhythms 
and phase relationships has been subject to investigation.
The timing of the nadir of core body temperature (Tmin) varies with time of day 
preference. Definite M types have a very early endogenous phase (Tmin 03:50 
+00:40h), definite E types have a very late endogenous phase (Tmin 06:01 +01:14h) 
whilst neither types exhibit an intermediate phase position (Tmin 05:02 + 00:59h) 
(Baehr et al., 2 0 0 0 ). Not only was the phase position of rhythms altered in different 
types, but so was the phase relationship between the sleep/wake cycle and the 
endogenous temperature and melatonin rhythms. Although the phase of melatonin 
and temperature rhythms occurred at an earlier phase in morning types (Duffy et al., 
1999) the interval between circadian phase and waketime is longer. In E types, Tmin 
occurred closer to waketime so that although evening types wake at a later clock time 
this is in fact an earlier circadian phase as compared to morning types (Duffy et al., 
1999; Baehr et al., 2000). This means that definite evening types are sleeping and 
waking at an earlier phase compared to morning types and this altered phase 
relationship could explain why evening types are more alert at bedtime and sleepier 
upon waking as compared to morning types (Baehr et al., 2000). E types have longer 
free-running periods than M types (Duffy et al., 1999) and thus need to advance more 
to entrain each day to a 24-hour day. The phase relationship between sleep/wake and 
temperature may be essential to allow entrainment as by waking on an earlier part of 
the temperature cycle the E types are exposed to light on a more sensitive advancing 
portion of the PRC to light, than they would be if they woke later, and thus larger 
phase advances are induced (Baehr et al., 2000).
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1.3.7.2 Ageing
A number of age related changes in circadian organisation have been observed. In 
humans ageing is associated with earlier bedtimes and waketimes as well as 
concommitant advances in the timing of endogenous rhythms such as core body 
temperature and melatonin (reviewed in Klerman et al., 2001). Although it was 
initially thought that these advances were the result of a shortening of tau with age it 
has been shown that, in humans, the period of the sleep-wake and melatonin rhythms 
are essentially the same in young and older subjects (Czeisler et al., 1999). It has also 
been suggested that this age-related advance is due to a change in the ability of the 
circadian pacemaker to respond to light. Phase advances and delays can be induced in 
response to bright light stimuli in older subjects but whilst the magnitude of phase 
delays is not significantly different to those observed in younger subjects the phase 
advancing response is significantly attenuated (Klerman et al., 2 0 0 1 ). This finding is 
unexpected given that the endogenous phase position in older people is advanced and 
suggests that this age-related change in phase position results from a change in the 
clock mechanism and/or output signals.
Older adults have earlier waketimes (Duffy et al., 1998) and an increased tendency to 
rate themselves with a momingness time of day preference (Duffy et al., 1999), as 
compared to young people, and this was thought to be due to an age-related advance 
in circadian phase. However, although older morning-types have an advanced phase 
position this occurs closer to waketime than in young morning types (Dufïy et al.,
1999). Thus there is a shorter phase-waketime interval in older morning types 
compared to young morning types and so there is an age-related change in phase 
relationship, which could result from a change in the clock mechanism driving these 
rhythms.
In an attempt to identify whether age-related changes in circadian organisation are due 
to alterations in the central pacemaker, peripheral oscillators or in the synchronisation 
mechanisms that determine phase relationships, the expression of peri was studied in 
young and old rats (Yamazaki et al., 2002). Rhythmic expression of p eri was 
sustained in the SCN of old rats and also in a number of other tissues including the 
cornea, kidney, liver and pineal gland. However in certain tissues, such as the lung, 
rhythmicity was diminished but could be induced by application of forskolin,
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demonstrating that these tissues retained the ability to oscillate. This suggests that 
there may be an age-related alteration in the signals released by the SCN: either the 
amplitude of the signal is reduced, and there is not sufficient to generate rhythmicity 
in these tissues, or the specific signal required for these tissues is no longer produced. 
In addition, an age-related shortening of the free-running period in the SCN was 
observed. The entrained phase of the SCN to a 12:12 LD cycle was unaltered in aged 
rats with a peak of activity in the subjective day. Although most other tissues 
exhibited unchanged phase angles of entrainment the pineal and kidney were both 
advanced by approximately 4 hours. These changes in phase relationships are not due 
to a change in entrained phase of the SCN but must be due to changes in release or 
detection of circadian signals by these specific tissues.
Thus the effect of ageing on the organisation of the circadian system appears to be 
complicated. It may involve alterations in tau, reduction in the amplitude of the SCN 
oscillations and changes in certain SCN output signals or in the ability of specific 
tissues to respond e.g. lack of receptors or alterations in ‘gating’ mechanisms. This 
will result in a change in the phase relationship for some rhythms and complete 
arrhythmicity in some tissues. Due to the multitude of signalling mechanisms 
employed by the SCN the changes in phase or rhythmicity observed in overt 
rhythmicity and peripheral tissues will depend on which signals the tissue responds to 
and also the vital parameters of the signal, such as magnitude and duration.
1.4 HUMAN CIRCADIAN RHYTHMS
In humans a number of physiological parameters exhibit circadian rhythmicity 
including core body temperature, the sleep-wake cycle, blood pressure, electrolyte 
levels and circulating hormones such as cortisol, melatonin and thyrotropin (reviewed 
in Shanahan et al., 1997). These rhythmic phenomena have been well studied not 
only to assess the impact and influence that they have on other physiological, 
behavioural and biochemical processes in the body but they have also been used as 
markers of the state of the clock itself.
In humans it is not possible to study directly the mechanisms of the hypothalamic 
pacemaker and therefore overt rhythms, downstream from the clock, are used to 
assess the endogenous circadian phase (ECP) (Shanahan et al., 1997). As an overt
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rhythm may be the result of an endogenous component combined with exogenous or 
masking effects (see section 1.2.5) it is important to isolate the endogenous 
component by minimising any environmental effects (Shanahan et al., 1997). Factors 
such as meal times (Minors and Waterhouse, 1992), meal content (Minors and 
Waterhouse, 1989) and posture (Deacon and Arendt, 1994) can all mask the 
endogenous component of the rhythm and therefore could potentially influence the 
magnitude and direction of phase shifts observed in response to a light stimulus.
When assessing the ECP in humans it is common practice to use more than one 
marker of phase. Phase shifts in more than one rhythm as well as maintenance of a 
stable phase relationship between these markers, can be used as confirmation that a 
‘true’ phase shift in the pacemaker rhythm has occurred. Thus the phase markers 
most commonly used in assessing human circadian rhythms will be discussed in 
subsequent sections in terms of their generation, acute and circadian responses to light 
as well as potential masking influences. A schematic diagram of the phase 
relationships between some of the circadian phase markers discussed (melatonin, core 
body temperature, alertness and sleep-wake cycle) in entrained conditions is shown in 
Figure 1.8.
1.4.1 Melatonin
1.4.1.1 The pineal gland
The pineal gland is a small neuroendocrine gland located at the border between the 
mesencephalon and the diencephalon of the brain (reviewed in Moller and Baeres,
2002). The primary function of the pineal gland is to transduce information about 
light-dark cycles into changes in physiology of the body (Arendt, 1993). This is 
achieved via secretion of melatonin, with high levels secreted at night and low levels 
secreted during the day, so that the duration of high levels of melatonin is indicative 
of the length of the dark phase (Arendt, 1993). This pattern of nocturnal secretion is 
observed in all mammals regardless of whether they are nocturnal or diurnal (Arendt,
1993). The pattern of melatonin secretion changes with daylength so that the duration 
of melatonin secretion can be used as a seasonal time cue by photoperiodic species 
such as sheep and hamsters (Arendt, 1993). Melatonin is synthesised from tryptophan 
via a complex pathway, which is regulated by the SCN.
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1.4.1.2 Melatonin synthesis
Melatonin is synthesised from tryptophan via the pathway shown in Figure 1.9. The 
rate limiting step in this pathway is the availability of the enzyme arylalkylamine N- 
acetyltransferase (AANAT) which acetylates serotonin to N-acetylserotonin, which is 
the precursor of melatonin (Weissbach et al., 1960). In the rat pineal gland there is a 
marked daily rhythm in AANAT activity with night-time values 30-100 times higher 
than daytime ones and it is the rhythmic changes in this enzymatic activity that are 
responsible for the rhythmic production of pineal melatonin (Klein and Weller, 1970).
The circadian rhythm in pineal melatonin production is driven by the SCN and this 
rhythm is entrained to a light-dark cycle by photic information mediated by the RHT 
(Klein and Moore, 1979). The pathway linking the SCN to the pineal gland is 
multi synaptic and successively involves neurons of the paraventricular nucleus of the 
hypothalamus (PVN), sympathetic preganglionic neurons of the intermediolateral cell 
column of the spinal cord and noradrenergic sympathetic neurons of the superior 
cervical ganglion (reviewed in Klein and Moore, 1979; Perreau-Lenz et al., 2003). 
Nocturnal release of noradrenaline by these adrenergic neurons acts to stimulate the 
melatonin synthesis pathway.
Noradrenaline interacts with adrenergic receptors on the pineal cell membrane 
resulting in an increase in cAMP. Activation of Pi -adrenergic receptors increases 
adenylate cyclase (AC) activity whilst the simultaneous activation of oti-adrenergic 
receptors potentiates this response through a calcium phospholipase C protein kinase 
C mechanism (reviewed in Ganguly et al., 2 0 0 2 ). This dual receptor regulation has 
two advantages: it allows the effects of low levels of noradrenaline to be amplified 
and increases the integrity of the cAMP response to noradrenaline (reviewed in 
Ganguly et al., 2002). If activation of two receptors is required for the response then 
the effect of other agonists are minimised as it is unlikely that another agonist will be 
able to bind to the two different receptors with the same affinity as noradrenaline.
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Figure 1.9. Melatonin synthesis pathway
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The increase in cAMP results in a 150-fold increase in the expression of AANAT and 
a 50-70 fold increase in its enzyme activity (reviewed in Perreau-Lenz et al., 2003). 
This results in a 10-fold rise in the synthesis and secretion of melatonin (Roseboom et 
al., 1996). The increase in the amount of AANAT is due to cAMP protecting 
AANAT from destruction, which allows the enzyme to be active (reviewed in 
Ganguly et al., 2002). cAMP prevents proteasomal proteolysis of AANAT by PKA- 
dependent phosphorylation of the N-terminal PKA site which leads to AANAT 
binding 14-3-3 proteins. This binding protects AANAT from proteosomal proteolysis 
and dephosphorylation as well as increasing the affinity of AANAT for low 
concentrations of 5-HT (reviewed in Ganguly et al., 2002). When stimulation of the 
pineal gland declines the AANAT is rapidly destroyed which results in a rapid 
termination of melatonin synthesis.
Rapid changes in pineal melatonin synthesis are translated into similar changes in 
circulating melatonin due to two factors. Firstly, melatonin is highly lipophilic, it is 
not stored at any significant level and thus if is released into the blood immediately 
upon synthesis. Secondly, circulating melatonin is rapidly taken up by the liver, 
subjected to 6 -hydroxylation and then excreted primarily in a sulfatoxy-conjugated 
form (reviewed in von Gall et al., 2 0 0 2 ). The half-life of melatonin in plasma is about 
10  minutes due to this rapid hydroxylation (reviewed in von Gall et al., 2002). Thus 
circulating melatonin levels are a dynamic balance of regulated production and release 
combined with hepatic destruction (reviewed in Ganguly et al., 2002). This dynamic 
regulation means that the melatonin profile provides a very precise measure of 
daylength so that small changes in photoperiod can be detected and appropriately 
timed seasonal responses elicited.
1.4.1.3 The circadian melatonin rhythm
The action of the SCN clock on the pineal gland is thought to involve an inhibitory 
GABA signal. Nocturnal light exposure results in the SCN releasing GABA in the 
PVN and subsequently melatonin synthesis is inhibited (Kalsbeek et al., 1999) whilst 
blocking GABA-ergic transmission from the SCN to the PVN during the subjective 
daytime increases melatonin synthesis to almost night-time levels (Kalsbeek et al., 
2000). Thus the SCN inhibits daytime production of melatonin by imposing an 
inhibitory GABA-ergic signal onto the PVN-pineal pathway.
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In the absence of the SCN the PVN maintains a tonic stimulatory input to the pineal 
gland (30% of night-time AANAT mRNA levels) and it is thought that this is usually 
silenced during the daytime by the inhibitory SCN signal (Perreau-Lenz et al., 2003). 
It has recently been suggested that the SCN also has a stimulatory role in melatonin 
synthesis and this is thought to be via a constant input to the PVN. When the GABA- 
ergic signal from the SCN to the PVN is blocked during the day melatonin levels 
almost reach night-time levels (Kalsbeek et al., 1999) whereas SCN ablation results in 
only 30% night-time melatonin levels.
The daily rhythm in pineal melatonin production is thus regulated by a rhythmic 
inhibitory signal (GABA) from the SCN to the PVN, which peaks during the day, and 
also a constant stimulatory input from the SCN to the PVN that acts to stimulate 
melatonin production when the inhibitory signal is at its minimum (Perreau-Lenz et 
al. 2003). A possible candidate for the stimulatory signal is glutamate.
Light has two effects on pineal melatonin rhythms which are both mediated via the 
retinal-RHT-SCN pathway: firstly it can entrain the circadian rhythm of melatonin 
synthesis and release and secondly nocturnal light can acutely inhibit melatonin 
production (Klein and Moore, 1979). The melatonin profile observed is therefore 
determined by the oscillatory activity of the clock and exposure to dusk and dawn.
1.4.1.4 Melatonin rhythms in humans
Melatonin rhythms are considered to be one of the most reliable markers of the 
periodicity of the endogenous clock (Lockley et al., 1997) as they are entrained by the 
SCN. In addition the fact that light can cause acute suppression of nocturnal 
melatonin production can be used to determine if the pathways connecting the retina, 
SCN and pineal gland are functional (Czeisler et al., 1995; Skene et al., 1999b).
In normal, adult humans the night-time peak concentration (acrophase) of plasma 
melatonin occurs between 02:00 and 04:00 h (Arendt, 1993). The major urinary 
metabolite of melatonin, 6 -sulphatoxymelatonin (aMT6 s) is also rhythmically 
produced, with the appearance and peak levels of aMT6 s delayed by one or two hours 
relative to the plasma melatonin levels (Arendt, 1993). Typically the phase markers 
used on the melatonin profile are: melatonin onset, acrophase (peak time of secretion)
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and melatonin offset. The first marker of melatonin onset was DLMO (dim light 
melatonin onset) which is defined as the time at which the melatonin level equals or 
exceeds 10 pg/ml (Lewy et al., 1985). There have been problems associated with this 
method of calculation, including the influence of amplitude on the phase position of 
the DLMO, and therefore other methods have been developed to calculate a melatonin 
onset phase marker, such as 25% peak and half maximum value (reviewed in Klerman 
et al., 2002). The relationship between the melatonin onset and acrophase is 
obviously influenced by the method used to calculate the timing of the phase markers. 
If the 25% peak method is used to calculate the melatonin onset and offset then 
acrophase is defined to occur at CT 22, onset at CT 17 and offset at CT 3 (Khalsa et 
al., 2003).
The circadian melatonin rhythm is a very useful phase marker as it exhibits specific, 
stable phase relationships with other endogenous circadian rhythms, the maintenance 
of which can be used to confirm that a ‘true’ phase shift has occurred. The plasma 
melatonin acrophase occurs, on average, 1.9 + 0.3 hours before the Tmin (Shanahan 
and Czeisler, 1991) whilst the DLMO is typically thought to occur 7-hours before the 
Tmin (Burgess et al., 2002). The Tmin, in turn, occurs 1.4+ 0.3 hours before the 
habitual wake time in healthy young men (Shanahan et al., 1997).
1.4.1.5 Melatonin receptors
Endogenous melatonin has been shown to be involved in a number of physiological 
processes in mammals including circadian entrainment, blood pressure regulation, 
temperature regulation, retinal physiology and seasonal reproduction (reviewed in 
Witt-Enderby et al., 2003). The physiological role of melatonin in humans is not fully 
understood (Arendt, 1993) but high affinity melatonin receptors are present on the 
SCN (Reppert et al., 1988) which suggests that endogenous melatonin may have a 
role in influencing the circadian clock.
Three mammalian melatonin receptors have been identified: MTi (Reppert et al.,
1994) and MTz (Reppert et al., 1995) are both G-protein coupled receptors whilst MT3 
(Nosjean et al., 2000) belongs to the family of quinone reductases. The G-protein 
coupled melatonin receptors are able to influence multiple signal transduction 
cascades (reviewed in Witt-Enderby et al., 2003).
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Exogenous melatonin is able to phase shift human circadian rhythms. It can shift 
endogenous melatonin, core body temperature, cortisol and sleep rhythms (Arendt et 
al., 1985; Arendt et al., 1988; Folkard et al., 1990; Deacon and Arendt, 1995) and can 
entrain all these rhythms in free-running blind subjects (Lockley et al., 2000). The 
phase shifting effects of melatonin have been formalised as a phase response curve 
that is approximately 12 hours out of phase with the light PRC (Lewy et al., 1998). 
Administration of melatonin in the early subjective night results in phase advances 
and in the late subjective night results in phase delays (Lewy et al., 1998) which is 
opposite to the phase shifting effects of light. Initially large doses of 5 mg were 
administered (e.g. Aldhous and Arendt 1991) and as melatonin is a soporific in 
humans (Wirz-Justice and Armstrong, 1996) it was suggested that the entraining 
effects could be due in part to its ability to promote an early sleep onset (reviewed in 
Mistlberger and Skene, 2003). However, now both the phase shifting effects (Lewy et 
al., 1992) and entraining effects in free-running blind subjects (Lewy et al., 2001; 
Hack et al., 2003) can be achieved with 0.5 mg melatonin. Circulating endogenous 
melatonin levels only peak at an average of 60 -  70 pg/ml (Arendt, 1993) and it is still 
not clear if such low levels would be able to influence the clock in vivo. The high 
affinity of the melatonin receptors suggests that they would be affected by night-time 
endogenous melatonin levels and it has been shown that ‘physiological’ levels of 
melatonin ( 2 0  pg given for 3-hours intravenously) can phase shift the clock according 
to a PRC (Zaidan et al., 1994).
1.4.1.6 Non-photic factors influencing the melatonin rhythm
Although the human melatonin rhythm is a useful phase marker it is still subject to 
masking influences both from external environmental factors as well as behavioural 
and physiological processes, which need to be taken into account. One of the 
techniques that has been developed to try to minimise the influence of environmental 
factors on endogenous circadian rhythms is the constant routine (CR) procedure 
(Mills et al., 1978), which allows the endogenous circadian phase and amplitude to be 
determined within one or two days. The commonly used CR involves 30 - 40 hours 
of semi-recumbent wakefulness (head of the bed at 45°) in constant dim light with 
hourly isocaloric snacks, during which core body temperature and various hormonal 
secretory patterns are constantly monitored (Czeisler, 1995). This technique either
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eliminates or evenly distributes throughout the circadian cycle the masking effects 
associated with the environment, such as ambient light exposure, or behavioural 
influences, such as posture (Shanahan et al., 1997). Ideally the following factors 
should be accounted for when using melatonin as a phase marker to study human 
circadian rhythms.
1.4.1.6.1 Posture
Plasma and salivary melatonin levels increase upon moving from a recumbent to a 
standing position and decrease when these positions are reversed (Deacon and Arendt,
1994). These changes are likely to be a consequence of the influence of gravity on 
plasma volume such that there is a decrease in plasma volume on standing, as fluid is 
forced out of capillaries into the extracellular space, and an increase in plasma volume 
upon lying down (Deacon and Arendt, 1994). Large molecules, such as albumin 
which binds melatonin, will remain in the plasma, and so a reduction in plasma 
volume will result in an increased melatonin concentration, although there is not an 
increase in the number of melatonin molecules present.
1.4.1.6.2 The menstrual cycle and the contraceptive pill
The circadian melatonin rhythm may be influenced by the menstrual cycle with some 
reports of changes in phase and amplitude. There was a significant increase in 
melatonin levels in the luteal phase, as compared to the follicular phase, and in 
women taking the 3-phase contraceptive pill there was an increase in melatonin 
associated with an increase in the progestin dose (Webley and Leidenberger, 1986).
A high plasma melatonin level is also observed in women on the progesterone only 
pill (Skene, unpublished data). These combined results suggest that there is a positive 
relationship between progesterone and melatonin and that alterations in the melatonin 
secretion pattern, with increased secretion during the luteal phase and decreased 
secretion before ovulation, may act as a modulator of the menstrual cycle (Webley 
and Leidenberger, 1986). The aMT6 s rhythm also varies between the luteal and 
follicular phase of the menstrual cycle, with a significant increase in nocturnal aMT6 s 
during the luteal phase (Brun et al., 1987). It is suggested that an increase in 
melatonin during the luteal phase could reinforce the steroidogenesis by the corpus 
luteum (Brun et al., 1987).
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As well as possible changes in levels of melatonin during the menstrual cycle 
melatonin onset and offset may be differentially regulated or differentially responsive 
to hormonal influences (Parry et al., 1997). In the luteal phase the melatonin onset 
and offset times were advanced as compared to during the follicular phase (Parry et 
al., 1997). Women suffering from premenstrual dysphoric disorder (PMDD) 
(premenstrual syndrome) showed altered melatonin profiles with a reduced amplitude, 
shorter duration and earlier offset time than normal controls (Parry et al., 1990). In 
the luteal phase, versus the follicular phase, the melatonin onset time is delayed in 
PMDD subjects but advanced in normal control subjects, whereas the offset time was 
advanced in both groups (Parry et al., 1997). Although these data are interesting these 
studies were not performed under controlled conditions and therefore the influence of 
exogenous factors, such as daytime light exposure, on the results cannot be 
determined or eliminated. These results need to be reproduced under CR conditions 
before the influence of the menstrual cycle on the melatonin rhythm can be absolutely 
established.
1.4.1.6.3 Alcohol
Ethanol has a direct inhibitory effect on pineal melatonin synthesis and is able to 
cause a significant reduction in A AN AT activity and melatonin production in the rat 
pineal gland (Chik and Ho, 1992). These effects could be due to the ability of ethanol 
to disrupt adrenergic transmission, as the pineal gland is an adrenergic regulated 
organ, or possibly alterations in pineal membrane fluidity (Chik and Ho, 1992). In a 
study of women aged 20-74 years (n=203) the nocturnal concentration of aMT6 s was 
found to decrease in a dose-dependent manner with increased consumption of alcohol 
in the preceding 24-hour period (Stevens et al., 2 0 0 0 ). A 9% reduction was observed 
following 2 alcohol units and a 17% reduction with 4 alcohol units (Stevens et al.,
2000). However, this study was not well designed or controlled and the level of 
aMT6 s was based on a nocturnal urine collection and as such did not take account of 
the amplitude or circadian phase of the aMT6 s rhythm.
1.4.1.6.4 Exercise
In rodents altering the rest-activity cycle either by eliciting activity during the normal 
rest period or preventing activity during the normal activity period, can phase shift the
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circadian system (Mrosovsky et al., 1989) with PRCs that are approximately 180° out 
of phase with the light PRC (Smith et al., 1992).
The ability of exercise to affect the human circadian system has been investigated. 
Subjects were exposed to a 3-hour pulse of exercise in dim light, which was centred 
before, after or at the Tmin (Van Reeth et al., 1994). The exercise stimulus resulted 
in phase delays in the melatonin and thyroid stimulating hormone (TSH) rhythm and 
this parallel shift suggests that the stimulus was acting directly on the clock. Phase 
delays were elicited in response to the exercise stimulus, at all times of stimulus 
presentation, with a tendency toward smaller phase delays with stimuli centred after 
the Tmin (Van Reeth et al., 1994). Exercise in the late subjective day induced phase 
advances (Buxton et al., 2003) which suggested that a PRC for exercise existed in 
humans. The timing of the exercise PRC was sufficiently different from the photic 
PRC so that light cannot be a confounding factor and therefore the exercise PRC 
appeared to be a true non-photic PRC for humans (Mistlberger and Skene, 2003).
In rodents the size of a light-induced phase shift can be attenuated if the animal is 
active during the light pulse (Ralph and Mrosovsky, 1992) suggesting that photic and 
non-photic zeitgebers can have inhibitve effects on each other. In humans there does 
not appear to be an effect of nocturnal exercise on light-induced phase shifts 
(Youngstedt et al., 2 0 0 2 ).
Exercise during the day may have an acute effect on melatonin levels with a 
significant increase in plasma melatonin during an exercise session in young women 
(Carr et al., 1981; Skrinar et al., 1989) and men (Theron et al., 1984). This elevation 
appears to be transient with the melatonin levels returning to baseline levels 30 
minutes after completion of the exercise (Carr et al., 1981).
1.4.1.6.5 Nicotine
In rats administration of nicotine, a cholinergic agonist, at CT 16 and CT 18 resulted 
in phase delays in the onset of aMT6 s excretion and c-Fos induction in the SCN 
(Ferguson et al., 1999). This finding suggests that cholinergic neurons may be able to 
directly, or indirectly, influence the SCN possibly via the nicotinic receptor.
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Nicotine may also influence the metabolism of melatonin. The 6 -hydroxylation of 
melatonin in the liver is mediated by CYP1A2 (an isoform of cytochrome P450) in 
rats (Skene et al., 2 0 0 1 ) and humans (Facciolâ et al., 2001). Smoking induces 
CYP1A2 (Zevin and Benowitz, 1999) and the subsequent increase in melatonin 
metabolism may explain the decreased melatonin levels in smokers.
1.4.1.6.6 Caffeine
Administration of caffeine in the early subjective night leads to a decrease in 
melatonin levels (Wright et al., 1997) but this effect is not observed in women taking 
oral contraceptives (Wright et al., 2 0 0 0 ). Caffeine is a substrate and inducer of 
CYP1A2 (Ayalogu et al., 1995) and therefore caffeine may alter melatonin levels by 
interfering with melatonin metabolism by cytochrome P450.
1.4.1.6.7 Drugs
Certain pharmacological agents are able to alter melatonin production directly and 
also to influence the response of the clock to phase shifting stimuli. Therefore 
subjects taking any of these drugs should not be able to participate in phase shifting 
studies. The fact that the peripheral Pi -  blocker atenolol can suppress melatonin 
production in humans (Arendt et al., 1985) provides evidence that the human pineal is 
outside the blood brain barrier and thus can be directly influenced.
Plasma melatonin levels can also be influenced by pharmacological agents which 
influence the availability of serotonin and noradrenaline. Administration of 
fluvoxamine, a specific serotonin uptake inhibitor, resulted in a marked increase in 
nocturnal plasma melatonin levels and these elevated levels persisted into morning 
hours so that the melatonin offset was delayed (Skene et al., 1994). Administration of 
desipramine (a noradrenaline uptake inhibitor) increased evening plasma melatonin 
levels and thus advanced the melatonin onset (Skene et al., 1994). Whilst the 
stimulatory effect of desipramine was accompanied by an increase in aMT6 s 
excretion there was no such correlation with fluvoxamine treatment suggesting that 
fluvoxamine may exert its effects by inhibiting melatonin metabolism (Skene et al., 
1994), Recent findings showing that both melatonin and fluvoxamine are metabolised 
by CYP1A2 (Skene et al., 2001) support this hypothesis.
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As secretion of melatonin is stimulated by the action of noradrenaline on pi - 
adrenergic receptors it is not surprising that melatonin production can be suppressed 
by the administration of P-blockers, such as atenolol (Arendt et al., 1985), which are a 
commonly prescribed treatment for anxiety and hypertension. Knowledge of 
medication that subjects are taking is thus essential as not only does atenolol 
temporarily suppress melatonin production but this can be used to facilitate adaptation 
to phase shifts (Deacon et al., 1998) and so people taking such medication may show 
altered responses to phase shifting light stimuli.
Non steroid anti-inflammatory drugs (NSAIDs) can have both circadian and acute 
effects on the melatonin rhythm. Ibuprofen administered at 24:00 h reduces plasma 
melatonin within 2 -hours and can delay the onset of melatonin when administered at 
18:00 h (Surrall et al., 1987).
The amphetamine MDMA (commonly known as ecstasy) is a widely used 
recreational drug that damages serotonergic neurons. The serotonergic system is 
involved in photic and non-photic phase shifting of the clock (sections 1.3.1.2.6 and 
1.3.1.3). Repeated exposure to MDMA in hamsters significantly attenuated the phase 
shift seen in response to a photic stimulus (Colbron et al., 2002).
1.4.2 The sleep-wake cycle
The human sleep-wake cycle is generated through the interactions of the circadian 
pacemaker (SCN) and a sleep-wake oscillatory process or sleep homeostat, as well as 
feedback from the sleep-wake cycle onto these processes (reviewed in Dijk and 
Lockley, 2002). The circadian pacemaker and sleep homeostat appear to contribute 
about equally to sleep tendency and alertness. The interaction between the circadian 
and homeostatic processes results in a consolidated bout of sleep at night and a 
consolidated bout of wakefulness with high levels of vigilance during the day (Dijk 
and Czeisler, 1994; Cajochen et al., 1999; Wyatt et al., 1999).
The SCN is thought to generate a wake or arousal signal that increases in strength 
during the biological day and peaks at about 22:00 h. The strength of this signal 
decreases during the biological night and reaches its nadir at 06:00 h, which coincides
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approximately with the temperature nadir (Dijk and Czeisler, 1994). In the absence of 
the circadian arousal signal sleep-wake consolidation is lost and a polyphasic sleep- 
wake cycle is seen. A consolidated 8 -hour sleep episode is only seen if sleep is 
initiated approximately 6 -hours before the temperature nadir, just after the peak in the 
wake propensity rhythm. A number of sleep parameters are modulated by the 
circadian pacemaker with maximal sleep efficiency and lowest percentage of 
wakefulness occurring in sleep episodes that bracket the temperature minimum and 
melatonin acrophase (Wyatt et al., 1999). Thus the circadian system maintains the 
timing and consolidation of the sleep-wake cycle by opposing the increased need for 
sleep (homeostatic drive) associated with increased wakefulness (reviewed in Dijk 
and Czeisler, 2002). The circadian sleep-wake propensity rhythm is thought to 
primarily involve a circadian modulation of wake propensity as shown in squirrel 
monkeys with SCN lesions who exhibit an increase in total sleep time per 24-hour 
period, suggesting the promotion of wakefulness is absent without the SCN (Edgar et 
al., 1993). However, the SCN is also thought to actively promote sleep particularly in 
the second half of the normal sleep episode (Dijk et al., 1999).
The sleep homeostatic process regulates the level of sleep debt, which increases 
during wakefulness and dissipates during sleep (reviewed in Dijk and Lockley, 2002). 
Slow-wave sleep (SWS) and EEG slow-wave activity (SWA) during NREM (non- 
REM) sleep are the classical markers of the sleep homeostatic process. In humans 
SWS and SWA decrease during sleep, independent of the circadian phase at which 
sleep is occurring, and the duration of wakefulness determines the amount of SWS 
and SWA that occur during sleep whatever the circadian phase (Dijk et al., 1987; 
reviewed in Dijk and Lockley, 2002). The neuromodulator adenosine has been 
proposed to be involved in mediating the sleep homeostatic signal as its levels in basal 
forebrain areas increase during sustained wakefulness and exogenous adenosine in 
these brain area leads to sleep (Basheer et al., 2000). This would be consistent with 
the use of caffeine, the adenosine antagonist, to combat sleepiness (reviewed in Dijk 
and Lockley, 2002).
1.4.2.1 Sleep deprivation
The sleep-wake cycle has a strong circadian component but it is also possible for the 
sleep-wake schedule to feedback on the clock. It has been shown that altering the
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rest-activity cycle in rodents can produce phase shifts but the role of arousal or sleep 
loss, independent of activity, in this phenomenon is not clear. Sleep deprivation 
without exercise, achieved by gentle handling, in Syrian hamsters can induce phase 
shifts in the rest-activity cycle (Antle and Mistlberger, 2 0 0 0 ). Furthermore sleep 
deprivation in mice can reduce the phase delay response to a light stimulus, whereas 
stress-induced immobilisation does not affect the photic response which suggests that 
the effects of sleep deprivation are not mediated by arousal (Challet et al., 2 0 0 1 ).
This alteration in the phase shifting response may be mediated in part by the increase 
in serotonin or changes in metabolism, such as reduction in glucose utilisation, 
associated with sleep loss and this effect would be mediated via the ventromedial 
hypothalamus. These are examples of ways in which the sleep homeostat is able to 
feedback and influence the circadian system and this influence may be important 
when considering responses to stimuli after periods of prolonged wakefulness, such as 
in the constant routine procedure.
1.4.2.2 Sleep phase syndromes
There are three circadian rhythm sleep disorders that have been well characterised. 
Advanced sleep phase syndrome (ASPS) is characterised by an earlier sleep onset and 
offset than the societal norm, around 19:00 and 04:00 h respectively, with profound 
evening drowsiness and advanced melatonin and temperature rhythms (reviewed in 
Wijnen et al., 2002). In contrast delayed sleep phase syndrome (DSPS) sufferers 
exhibit sleep-onset insomnia, difficulty in waking up at a conventional time and 
delayed melatonin rhythms (Hohjoh et al., 2003). Non-24-hour sleep wake syndrome 
cases, most commonly observed in visually blind subjects (Lockley et al., 1997), 
exhibit a daily delay in the sleep phase which results in cyclic episodes of insomnia 
(Ebisawa et al., 2001).
It has been suggested that these circadian rhythm sleep disorders may arise from 
mutations in one or more of the clock genes, which may result in a change in tau. For 
example, ASPS may be due to an endogenous period that is too short to entrain to the 
24-hour day (Moldofsky et al., 1986). A familial subtype of ASPS (FASPS) has been 
identified and shown to segregate in an autosomal manner (Jones et al,, 1999),
FASPS has been mapped to chromosome 2 in a region which encodes the human 
period 2 gene (Toh et al., 2 0 0 1 ). In FASPS this gene contains a mutation in a
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conserved amino acid which suggests that this may alter the functioning or expression 
of mPerl and alter the timing of the clock mechanism. In fact this mutation removes 
a key phosphorylation site for CKIs which suggests that the mPER2 protein will have 
increased stability. This stability may result in the mPER2 protein entering the 
nucleus and initiating the negative feedback effect at an earlier time and therefore 
resulting in shortened tau (Toh et al., 2001).
Sufferers of DSPS have sleep onsets between 03:00 and 06:00 h whilst their sleep 
offset occurs at 10:00 -  14:00 h, and DSPS could either result from inappropriate 
entrainment or a long tau (reviewed in Wijnen et al., 2001). A polymorphism in the 
hPerS gene has been found to be associated with DSPS (Ebisawa et al., 2 0 0 1 ) and this 
polymorphism is close to a putative CKIe phosphorylation site which suggests that 
abnormal phosphorylation may cause DSPS. More recently a polymorphism in a 
repeat region in hPerS has been associated with extreme eveningness and DSPS 
(Archer et al., 2003). The fact that mPer3 knockout mice exhibit a shortening in tau 
(Shearman et al., 2000b) is consistent with a role for mPer3 in determining period 
length. An association has also been found between DSPS and a polymorphism in the 
AANAT gene encoding the rate limiting enzyme in melatonin synthesis (Hohjoh et 
al., 2003) which suggests that this gene could be a susceptibility gene for DSPS.
1.4.3 Alertness
The circadian rhythm in alertness is thought to be generated by an interaction between 
the circadian pacemaker and the sleep homeostat. The homeostatic input results in 
impairment of cognitive performance and this effect increases with duration of 
elapsed wakefulness, whilst the circadian component promotes maximal cognitive 
functioning just before the temperature maximum and onset of melatonin production. 
Maximal impairment of neurobehavioural functioning occurs just after the 
temperature nadir and melatonin acrophase (Wyatt et al., 1999). It has been suggested 
that the night-time decrements in both alertness and performance may be partly due to 
the nocturnal rise in endogenous melatonin (Badia et al., 1991). The fact that 
maximal circadian promotion of alertness and cognitive performance occurs just 
before the release of melatonin whilst minimal promotion occurs just after the peak of 
melatonin secretion is in agreement with such a hypothesis (Wyatt et al., 1999).
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Under normally entrained conditions the phase relationship between the sleep-wake 
cycle and circadian clock ensures that during the 16-hour waking day stable levels of 
neurobehavioural function are maintained (Cajochen et al., 1999). This is because the 
pacemaker opposes the decrements in alertness associated with increases in the 
homeostatic drive for sleep that build up with sustained wakefulness (Cajochen et al.,
1999). If the wake episode is extended into night-time, when sleep normally occurs, 
there is a deterioration in alertness and performance as the pacemaker is no longer 
opposing the wake dependent deterioration and is now actively promoting sleep (Dijk 
et al., 1992). The decrease in alertness and cognitive performance at habitual bedtime 
as been termed ‘the opening of the sleep gate’ (Lavie, 1997).
Waking EEGs and eye movements, such as SEMs (slow eye movements) and eye 
blink rate, have been used as clinical measures of alertness and cognitive performance 
(Cajochen et al., 1999). Neurobehavioural function remains fairly stable throughout 
the 16-hour waking day but deteriorates with, or just after, the nocturnal increase in 
plasma melatonin and this is accompanied by an increase in subjective sleepiness and 
SEMs (Cajochen et al., 1999). Eyeblink rate parallels the projected time course of the 
circadian alerting signal which increases during the day, peaks at about 2 2 : 0 0  h and 
then declines during the night (Cajochen et al., 1999). The association of the 
deterioration in performance with an increase in melatonin levels contributes to the 
evidence that endogenous melatonin may be involved in the circadian regulation of 
the sleep-wake cycle and alertness by inhibiting the central nervous system 
wakefulness generating system (reviewed in Cajochen et al., 1999).
Nocturnal light has an acute enhancing effect on alertness and reaction times 
(Campbell and Dawson 1990; Badia et al., 1991). The magnitude of the alerting 
effect of light, as assessed by subjective measures, EEG activity and SEMs, is 
dependent on the intensity of the light stimulus (Cajochen et al., 2 0 0 0 ). This dose 
dependent response can best be described by a logistic regression model and the 
illuminance response function is similar to that observed for the effects of light on 
melatonin suppression and phase shifting (Zeitzer et al., 2000) (see section 1.7.8.2). 
The half-maximum alerting effect of 6.5 h light occurred for light intensities between 
90 and 180 lux (Cajochen et al., 2 0 0 0 ) which is a slightly higher level of sensitivity 
than for the suppression (half-maximum effects at 50 -  130 lux) and shifting
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responses (half-maximum effects at 80 -160  lux) (Zeitzer et al, 2000). However, the 
similarity in the dose response function for alertness, phase shifting and melatonin 
suppression suggests that these effects are mediated by the same retinal-SCN 
pathway. The retinal projections involved in the alerting effect have not been 
conclusively identified although candidates include the SCN, pretectal area, IGL and 
ventrolateral preoptic nucleus (VLPO) (reviewed in Cajochen et al., 2000). The 
strong association between melatonin suppression and increased alertness with bright 
light suggests that melatonin may influence alertness by attenuating the SCN- 
dependent mechanism that promotes and maintains cortical and behavioural arousal 
(Dijk and Czeisler, 1995; reviewed in Cajochen et al., 2000). A distinct retinal 
projection to the VLPO may be another route by which the acute effect of light on 
alertness is exerted. The VLPO innervates all the major nuclei of the ascending 
monoaminergic and histaminergic systems which are thought to be involved in 
wakefulness and EEG arousal (reviewed in Cajochen et al., 2 0 0 0 ).
1.4.4 Temperature
Body temperature is regulated by homeostatic and circadian mechanisms which 
regulate heat production and heat loss via influencing cutaneous vasodilatation, 
peripheral vasoconstriction and basal metabolism, which all alter the rate at which 
body heat is lost and gained (Krauchi and Wirz-Justice, 1994). The homeostatic 
control is driven by the preoptic-anterior hypothalamus and this acts to maintain the 
body and brain temperature within a limited range in response to physiological and 
environmental conditions (reviewed in Wright et al., 2002). In constant routine 
conditions the circadian rhythm in temperature shows a peak-trough range of 1°C and 
this is a consequence of circadian rhythms of both heat loss and production e.g. heat 
production and heart rate are phase locked and peak at 1 1 :0 0  -  1 2 :0 0  h whilst heat 
loss from the hands and feet shows a circadian rhythm with a waveform that is inverse 
to that of core body temperature (Krauchi and Wirz-Justice, 1994).
Due to the fact that heat production and loss are modified by activities that are not 
randomly distributed over the 24-hour day, the temperature rhythm is subject to a 
wide variety of masking influences (Krauchi and Wirz-Justice, 1994). Behaviours 
such as sleeping, muscular exertion and eating can differentially mask the endogenous 
temperature rhythm (Krauchi and Wirz-Justice, 1994). Diurnal variations in body
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temperature can thus be induced by the clock and also by daily variations in masking 
effects (Krauchi and Wirz-Justice, 1994). The amplitude of the temperature rhythm is 
influenced by masking effects but also by age (Carrier et al., 1996), gender and 
menstrual cycle phase (Baker et al., 2001). The most commonly used phase marker in 
the core body temperature rhythm is the Tmin (temperature minimum), which is the 
time of the nadir of the temperature rhythm.
Light has a dual effect on body temperature: it can entrain the circadian rhythm in 
temperature and also has an acute elevating effect. A nocturnal bright light pulse, 
prior to sleep, attenuates the nocturnal decrease in body temperature and this response 
to light is mediated by the eyes (Badia et al., 1991; Dijk et al., 1991).
The circadian rhythms in temperature and performance are positively correlated, with 
high levels during the waking day and low levels during habitual sleep time at night 
(Badia et al., 1991). It was not clear if these rhythms simply co-vary with circadian 
phase or if performance is directly influenced by body temperature. Direct external 
manipulation of the body temperature can alter cognitive function with increases in 
temperature above normal improving cognitive function whilst temperature decreases 
are associated with decreased function (reviewed in Wright et al., 2002). The use of a 
forced desynchrony protocol, which controls for circadian phase and time awake, 
demonstrated that an increased temperature, associated with and independent of the 
clock, is correlated with an increase in cognitive performance and alertness (Wright et 
al., 2002). Thus body temperature is able to modulate neurobehavioural performance 
and this fits with the hypothesis of Kleitman (1963). This assumes that the effect of 
increased temperature on reaction time is due to an increase in the rate of chemical 
reactions which speeds up the thought process. It is postulated that either mental 
processes are the chemical reactions themselves or the speed of thinking depends on 
the metabolic activity of the cells of the cerebral cortex which can be enhanced by 
increased temperature.
The effect of the menstrual cycle on body temperature was assessed in women with 
normal cycles and women taking the combined oral contraceptive (progestin and 
ethinyl oestradiol). The temperature levels were increased throughout the day in the 
luteal phase, compared to the follicular phase, in normally cycling women and this is
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consistent with a raised thermoregulatory set-point (Baker et al., 2001). In women 
taking the oral contraceptive the temperature levels were similar to normally cycling 
women in the luteal phase. There was also a pronounced gender effect with both 
groups of women attaining Tmin earlier than men and the naturally cycling women 
showing blunted nocturnal drops in temperature. These data need to be replicated in 
constant routine conditions before it can be concluded that gender influences the core 
body temperature rhythm.
1.4.4.1 Interactions between melatonin, temperature and alertness
Both nocturnal bright light and caffeine administration increase body temperature and 
improve performance (Wright et al., 2001). Melatonin administration during the day 
decreases body temperature and alertness (Cagnacci et al., 1992; Deacon and Arendt, 
1995; Krauchi et al., 1997). It is therefore possible that the alerting effect of bright 
light at night could be due to an increase in CBT resulting from a suppression in 
endogenous melatonin levels.
It has been suggested that the acute elevation of temperature during bright light 
exposure is mediated solely via melatonin suppression and therefore to test this 
hypothesis exogenous melatonin was administered simultaneously with bright light to 
see if the temperature elevating effect of bright light was attenuated (Krauchi et al., 
1997). Neither the alerting or temperature effects of light were completely blocked by 
exogenous melatonin administration, which suggests that these acute effects of light 
are not mediated exclusively via melatonin suppression. In addition, it has been 
shown that light-induced melatonin suppression is not always accompanied by an 
increase in alertness (Dollins et al., 1993) which further suggests that melatonin 
suppression is not the only factor influencing alertness. The increased sensitivity, but 
similar dose response functions, of the alertness response compared to the melatonin 
suppression response could be seen to indicate that endogenous melatonin levels 
determine alertness to some extent but that there is a supplementary input that 
determines the absolute alertness response.
It is possible that changes in body temperature associated with bright light (Badia et 
al., 1991) and exogenous melatonin administration (Krauchi et al., 1997) contribute to 
the simultaneous changes in the level of alertness. However, it is likely that stimuli
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that increase alertness such as bright light and caffeine (Wright et al., 1997) are able 
to act directly on systems that promote alertness and performance e.g. caffeine blocks 
adenosine receptors and this mechanism may influence performance. A combination 
of caffeine and bright light at night was more effective at increasing alertness than 
either stimulus alone (Wright et al., 1997). This could be an additive effect of the two 
stimuli or could indicate that they act via different mechanisms and therefore confirm 
that alertness is influenced by more than one input pathway. The acute effect of light 
on alertness may result from a combination of an indirect effect of the light, due to 
changes in body temperature or melatonin levels, and a direct effect of light on the 
system promoting alertness. The direct effects of light could be mediated by a distinct 
retinal projection to the VLPO (ventrolateral preoptic nucleus), which innervates all 
the major nuclei of the ascending monoaminergic and histaminergic systems involved 
in wakefulness and EEG arousal (reviewed in Cajochen et al., 2000). Other potential 
retinal projection sites involved in mediating the direct effects of light on alertness 
include the IGL, SCN and pretectal area (reviewed in Cajochen et al., 2000).
It appears that the acute effect of light on alertness is a complex process and probably 
involves a direct retinal input and indirect modulation due to changes in temperature 
and melatonin levels.
1.4.5 Cortisol
The hormone cortisol exhibits a circadian rhythm with peak levels occurring in the 
early morning with a decline to a nadir at about midnight (Van Cauter, 1990).
Cortisol is primarily a stress-response hormone released in response to situations such 
as shock, pain and extreme cold when it acts to raise the blood glucose level, increase 
rate of glycogen formation in the liver and increase uptake of amino acids by the liver 
(Toole and Toole, 1995). Cortisol production involves the cortisol releasing factor 
(CRF) production from hypothalamus which induces the anterior pituitary gland to 
produce adrenocorticotrophic hormone (ACTH) which in turn stimulates the adrenal 
cortex to induce the synthesis and secretion of glucocorticoids, including cortisol 
(Toole and Toole, 1995). The SCN acts via the PVN to modulate the release of ACTH 
but the daily rhythm in cortisol production is mainly due to an increase in sensitivity 
of the adrenal cortex to ACTH rather than an increase in ACTH release (reviewed in 
Kalsbeek and Bujs, 2002). In accordance with this hypothesis there is in fact a
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pathway between the SCN, PVN, spinal cord and adrenal cortex, which would 
provide a mechanism via which a circadian rhythm in sensitivity of the adrenal cortex, 
and consequently in cortisol production and release, could be generated (reviewed in 
Kalsbeek and Bujs, 2002).
Light has an acute effect on cortisol secretion such that a transition from dim light 
(<150 lux) to bright light (4500 lux) results in a rapid elevation in cortisol levels in the 
early morning but not the afternoon (LeProult et al., 2001). The acute time-dependent 
response of cortisol was accompanied by an increase in cognitive performance. The 
HP A axis is involved in behavioural activation and it was suggested that the alerting 
effects of light are mediated by this axis, although the precise mechanisms are 
unknown (LeProult et al., 2001). The time-dependent response of alertness and 
cortisol to bright light suggests that the SCN modulates this acute effect of light via 
the HP A axis.
Cortisol rhythms are strongly influenced by masking due to stress but, despite this, it 
is possible to use the cortisol rhythm as a phase marker, often as a confirmation of a 
phase shift in another marker. In free-running and entrained blind subjects the 
cortisol and melatonin rhythms have identical periods and maintain a specific phase 
relationship (Nakagawa et al., 1992; Skene et al., 1999a). Thus cortisol is a reliable 
phase marker with a dual response to light: an acute elevation in response to morning 
light and entrainment of the circadian rhythm.
1.4.6 Circadian rhythm disturbances
Circadian desynchrony occurs when the central clock is out of phase with the 24-hour 
environmental cycle (Sack and Lewy, 1997). This desynchrony can occur, for 
example, when crossing time zones (jet lag), due to imposed night shift work and in 
free-running blind individuals. One of the most detrimental consequences of this 
desynchrony is the disruption to the sleep-wake cycle, including bouts of insomnia, 
daytime sleepiness and poor quality sleep (Aldhous and Arendt, 1991; Lockley et al., 
1997; Sack and Lewy, 1997). Jet lag and problems adapting to night-shift work are 
due to the fact that the circadian pacemaker cannot instantaneously realign with the 
new environment and altered sleep-wake schedule (Arendt, 1993).
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1.4.6.1 Circadian rhythms in the blind
a) When humans are completely isolated from environmental time cues their
circadian rhythms free run with a period that reflects the intrinsic rhythms of the 
central clock (Aschoff et al, 1971; Wever, 1979). Blind individuals may have 
abnormal retinal processing and/or a defective RHT, which will essentially isolate 
them from the most important zeitgeber, the light-dark cycle, thus preventing 
photoentrainment (Lockley et al., 1997). Many blind individuals exhibit disturbed 
circadian rhythms and these have been classified as follows (Sack et al., 1992; 
Lockley et al., 1997)
a) Entrained, normal phase -  individuals are stably entrained to 24 hours with normal 
phase
b) Entrained, atypical phase - individuals are stably entrained to 24 hours but at an 
atypical phase
c) Free running -  circadian rhythms free run with the intrinsic period of the clock. 
The rhythms drift on a daily basis by an amount that corresponds to the difference 
between tau and 24 hours. The beat cycle refers to the number of days for a 
rhythm to drift from its initial starting point through the 24-hour day back to its 
initial position.
d) Unstable -  phase markers exhibit no discernible rhythm.
Free-running rhythms of sleep propensity, plasma melatonin, plasma cortisol and core 
body temperature have been observed in blind individuals (Folkard et al., 1990; 
Nakagawa et al., 1992). As the rhythms drift over the 24-hour day the circadian sleep 
propensity will move from night-time through the day and then back to night again. 
When sleep propensity and melatonin acrophase coincide with daytime, blind 
individuals exhibit an increased number of daytime naps and disturbed night sleep 
(Lockley et al., 1995; Lockley et al., 1997). This is obviously a problem for subjects 
working normal daytime hours. The inability of many totally blind people to entrain 
to a 24-hour day, despite exposure to non-photic zeitgebers such as knowledge of 
clock time, social cues, regular mealtimes and interactions with other people living in 
a 24-hour society, highlights the predominance of light as a zeitgeber.
Attempts to entrain the endogenous free-running rhythms of blind individuals to the 
24-hour day have utilised melatonin as a chronobiotic: a drug that acts as a zeitgeber
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by shifting the circadian clock (Arendt et al., 1997). Daily bedtime administration of 
melatonin to free-running blind subjects can promote sleep (Folkard et al., 1990) and 
stabilise the timing of sleep onset (Arendt et al., 1988; Aldhous and Arendt, 1991). 
These effects could be a result of the soporific properties of melatonin, such as 
induction of transient sleepiness and increased sleep efficiency (Arendt et al., 1997). 
However, it is likely that melatonin is also acting directly on the SCN as subsequently 
it has been shown that melatonin can entrain circadian rhythms of cortisol, melatonin 
and temperature in free-running blind individuals (Lockley et al., 2000; Sack et al.,
2000). Melatonin provides a potential strategy to treat circadian rhythm disturbances 
in blind people.
1.4.6.2 Shift work
Approximately 1 in 5 workers in the USA engage in some form of shift work (non­
standard work hours) and this is associated with numerous negative effects including 
shortened and disturbed sleep, fatigue, decreased alertness, risks to cardiovascular and 
gastrointestinal health and increased accidents (reviewed in Burgess et al., 2002). 
Many of these symptoms result from circadian desynchrony arising from an inability 
of circadian rhythms to phase shift and align with the sleep-wake schedule demanded 
by the shift work. In addition to desynchrony between the external environment and 
physiology of the body, there may also be inappropriate phase relationships between 
internal rhythms (Ross et al., 1995) which could account for some of the associated 
health risks. The decreased alertness and performance during night-time hours could 
severely compromise safety in the working environment. It occurs as workers are 
trying to carry out tasks when the circadian pacemaker is promoting sleep, and is 
related to sleep deprivation and length of prior wakefulness when work begins 
(Czeisler and Dijk, 1995).
After transmeridian travel, the symptoms of jet lag are usually overcome within a few 
days as the pacemaker adapts to the new time zone. However, it has been 
demonstrated that most night-shift workers never fully adjust to their new schedule 
(Dumont et al., 2001). This is partly attributed to exposure to a light during the 
daytime and partly to other 24 hour social cues, such as interaction with family 
members and meal times, which keep the peak of circadian rhythms in alertness and 
sleep propensity aligned with day and night respectively (reviewed in Burgess et al..
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2002). Daytime preference i.e. morningness-eveningness, also seems to contribute to 
the rate and direction of adaptation, following a phase shift, and therefore circadian 
phase prior to shift work will influence the ability to adjust to a new schedule 
(Dumont et al., 2001).
A study of 30 permanent night nurses found that 5 of them adapted by phase delaying, 
3 advanced and 22 did not adapt (Dumont et al., 2001). The direction and ability to 
adapt was related to the 24-hour pattern of light exposure with non-shifters exposed to 
a normal diurnal pattern. The delayers received less light in the morning and 
afternoon than they did overnight during their shift work. This reduction in morning 
light was due to the nurses staying in darkened bedrooms. A similar enhanced 
adaptation with phase delays was seen during winter in polar regions (Ross et al., 
1995) and in night watchmen who had less exposure to morning light (06:00 -  
09:00 h) and an earlier daytime sleep onset (Roller et al., 1994).
Early morning light exposure appears to be a major factor preventing circadian 
adaptation to night shift work and this is probably due to its phase advancing effects 
that counteract the phase delays required (reviewed in Burgess et al., 2002). Most 
workers are exposed to morning light either on their commute home, during daytime 
sleep in rooms that are insufficiently dark or due to delaying sleep onset to satisfy 
family or social demands (reviewed in Burgess et al., 2002). Thus attempts to 
increase adaptation to night work should focus on reducing exposure to phase 
advancing light in the morning.
1.5 PHOTORECEPTORS AND LIGHT DETECTION
The detection of light by the eye is carried out by photoreceptive cells, which are 
complexes of molecules containing photopigments that are capable of absorbing light 
and transducing this energy into a biological response. This section will discuss the 
known mammalian photoreceptors and their mechanism of detecting light. The 
properties of light and methods of determining the spectral sensitivity of a 
photopigment will also be discussed.
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1.5.1 Light
Light is the visible region of the electromagnetic spectrum (400-700 nm) to which the 
human eye is sensitive. The electromagnetic spectrum encompasses a broad range of 
radiations from a variety of sources but they all propagate as transverse sinusoidal 
waves (Burns and MacDonald, 1970). All these waves have identical forms and 
mathematical models so that they only differ in wavelength or frequency (Halliday et 
al., 1992). Wavelength is the shortest distance between two phase points in a wave 
(Bums and MacDonald, 1970).
Emission of light depends on the motion of electrons: electrons in an atom can be 
raised from a low to a high energy state and when they drop back to their lower 
energy level radiation is emitted. This is particularly likely to produce radiation in the 
visible region of the spectrum if it is the outer electrons making the transition 
(Halliday et al., 1992).
Newton showed that it is possible to separate white light into a spectrum of rays of 
different wavelengths. Each spectral component, with its characteristic wavelength, is 
a different colour with light of relatively long wavelengths appearing red and light of 
relatively short wavelengths appearing blue (Wandell, 1995). Spectral light with 
energy of a single wavelength is known as monochromatic light (Wandell, 1995).
Light passing through a medium is described as a continuous wave but when the light 
exchanges energy with a substance, for instance when giving up its energy to be 
absorbed, it is described as being composed of discrete units called photons. The 
amount of energy given up by the photon is predicted by the wavelength (Wandell, 
1995). Einstein proposed the photon theory of light, which states that light behaves as 
packets of energy known as photons, and the energy of a single photon can be 
described by the equation E = hv (E= energy, h = Planck’s constant, v = frequency of 
light) (Halliday et al., 1992). The energy of a photon is inversely proportional to its 
wavelength such that high frequency short wavelength blue light has photons of 
higher energy than long wavelength red light. Photoreceptors absorb energy as 
photons and effectively act as photon counters.
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1.5.1.1 Measurement of light
Light measurements can be divided into two broad categories (reviewed in Foster and 
Lucas, 2000):
a) Radiometric measures -  measurements of electromagnetic energy within the 
optical spectrum. A radiometric detector has a flat spectral response.
b) Photometric measures -  measuring the human visual responses to radiant energy 
between 400 and 700 nm. A photometric detector attempts to reproduce the 
spectral response of the average human eye: photopic response (maximum 
sensitivity at 555 nm) or scotopic response (maximum sensitivity at 505 nm).
Both these two categories can be further subdivided into:
a) Irradiance -  measure of radiant energy from all directions over a 180° field of 
view
b) Radiance -  measure of radiant energy viewed from a specific direction or region 
ofspace
When investigating the spectral sensitivity of a light-dependent response, in this case 
the ability of light to phase shift human circadian rhythms, and possibly trying to 
assess the nature of the photopigment involved, radiometric measures must be used. 
Photometry measures human visual responses to radiant energy and provides a 
measure of visual brightness as it would appear to a human eye with the known 
photopigments (Foster and Lucas, 2000). As it is unclear which photoreceptor(s) are 
involved in the circadian system it is inappropriate to use photometric measures. 
Therefore radiometric irradiance measures should be used as this gives a measure of 
all radiant energy from all directions over a 180° field of view and will therefore give 
a measure of all available light. Radiometric irradiance can be measured in pW/cm2 
and converted to photons/cm2/sec (photon flux).
Photopigments act as photon counters and do not signal the wavelength of the photon 
caught (section 1.5.5). This means that the effectiveness of a light stimulus in 
eliciting a response depends on the number of photons administered and therefore 
should be expressed in photon flux (Foster and Lucas, 2000). If the biological 
effectiveness of different wavelengths of light are to be compared then the stimuli
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must contain the same number of photons. The energy of a photon is proportional to 
the reciprocal of its wavelength so that high frequency blue light has photons of 
higher energy than red light. Irradiance measures are assessments of energy and if, 
for example, a 460 nm (blue) light and 600 nm (red) light are calibrated to contain an 
equal radiometric irradiance (pW/cm2) then the blue light stimulus will contain less 
photons than the red light stimulus which could affect the results.
1.5.2 Retina -  site of the photoreceptors
The retina is the light sensitive lining of the eye that contains the photoreceptors. It is 
a layered structure, approximately 0.5 mm thick, comprised of three layers of neuron 
cell bodies and two layers of synaptic interconnections between these neurons 
(Wandell, 1995). The retina is composed of five classes of neurons which are 
organised in an orderly, layered arrangement with a complex pattern of connections: 
photoreceptors, horizontal cells, bipolar cells, amacrine cells and ganglion cells 
(Tessier-Lavigne, 1991) (Figure 1.10).
The retina is apposed to the retinal pigment epithelium (RPE) that lines the back of 
the eye. The outer nuclear layer (ONL) (proximal to the RPE) contains the rod and 
cone photoreceptors, the inner nuclear layer (INL) is made up of bipolar and amacrine 
cells whilst the ganglion cell layer (GCL) is the most anterior layer. The outer 
plexiform layer (OPL) is where photoreceptors, bipolar and horizontal cells synapse 
with each other and the inner plexiform layer (IPL) contains synapses between the 
bipolar, amacrine and ganglion cells. This organisation means that light must pass 
through layers of retinal cells before it is absorbed by the photoreceptors but as these 
anterior layers are unmyelinated and relatively transparent they do not absorb or 
scatter light. In one region of the retina, known as the fovea, the cell bodies of the 
retinal neurons are shifted to the side so that the light hits the photoreceptors directly 
without having to pass through retinal layers. At the fovea the photoreceptors receive 
the light information in its least distorted form and so humans move their eyes so that 
visual images will be projected onto the fovea. Above the fovea is the optic disc, 
where the optic nerve fibres leave the retina, and there are no photoreceptors in this 
region and therefore this creates a blind spot in the visual field (Tessier-Lavigne, 
1991).
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Figure 1.10. Structure of the retina. The retina is composed of four nuclear layers: retinal pigment 
epithelium (RPE), outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer 
(GCL). Adapted from the Webvision website (http://webvision.med.utah.edu/)
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Once the photoreceptors have detected light the photic information flows vertically 
from them to bipolar cells and then ganglion cells. In addition, information flows 
laterally between the horizontal cells in the OPL and the amacrine cells in IPL which 
allows integration of information across the retina and possible modulation of 
synaptic transmission (Tessier-Lavigne, 1991).
1.5.3 Photoreceptors -  structure and detection of light
The mammalian retina is known to contain two types of opsin-based photoreceptor 
cells: the rods which mediate monochromatic night-time vision and the cones which 
mediate high-acuity vision and colour vision during the day (Silverthom, 1998). The 
rods and cones are composed of similar functional regions: an outer segment involved 
in light detection, an inner segment containing the nucleus and the majority of 
biosynthetic machinery and finally a synaptic terminal. The outer segments are 
packed with membrane bound opsin photopigments located in a series of stacked 
membranous discs which develop as a series of invaginations of the cell membrane 
and increase the surface area and consequently the number of photopigments present. 
The rod outer segments are constantly renewed in a mechanism that involves disc 
assembly at the base of the outer segment and disc shedding at the tip of the segment. 
These discs are phagocytosed and digested by the RPE cells which are also involved 
in regulation of nutrients for the photoreceptor cells as well as assisting the visual 
process by storing vitamin A and isomérisation of the chromophore (reviewed in 
Guido et al., 2002).
The opsin-based photopigments are composed of an opsin protein coupled to a 
chromophore, which is derived from an 1 \-cis form of vitamin A retinaldehyde 
(Tessier-Lavigne, 1991). The opsin protein is a membrane bound G-protein coupled 
receptor, with seven transmembrane domains, which binds to retinaldehyde via a 
Schiff base linkage using a lysine residue located in the seventh transmembrane a  
helix (reviewed in Bellingham and Foster, 2002). Photodetection occurs when the 
chromophore, in the retinal binding pocket of an opsin, absorbs a photon of light.
This triggers a photoisomerization reaction in which the 1 \-cis retinal is converted to 
an dX\-1rans conformation. This change results in a conformational change in the 
opsin molecule which allows transducin (G protein) binding and activation of the
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phototransduction cascade which ultimately results in a change in the electrical 
activity of the photoreceptor cell. The dW-trans retinal is recycled and converted back 
to 11 -cis retinal by a reaction in the dark. In addition there is also an opsin derived 
photoactive pigment (G-protein coupled receptor (RGR)) in the RPE which acts as a 
photoisomerase. Upon exposure to light RGR catalyses the conversion of zW-trans to 
11-czs retinal. This ensures a supply of chromophore under photopic conditions when 
there is a lot of light and therefore a high turnover of chromophore (Tessier-Lavigne, 
1991).
1.5.4 Spectral sensitivity
All light sensitive photopigments have discrete absorbance spectra which describe the 
probability of photons being absorbed as a function of wavelength (Dartnall, 1953). 
Different opsin-based photopigments vary in their absorption maxima (A^ax) but the 
shape of the absorbance profile is very similar and is known as a Dartnall nomogram 
(Dartnall, 1953). The spectral sensitivity of the photopigment is a consequence of the 
amino acid structure of the opsin and the interaction between this and the 
chromophore. There appear to be three crucial amino acid residues within the 
transmembrane domains that influence the interaction of the opsin with the 
chromophore and thus determine the wavelength of light to which the photopigment is 
most sensitive. The rod and three cone opsin molecules are encoded by four different 
genes which all have different spectral sensitivities (Sharpe et al., 1999).
1.5.5 Colour Vision
Human vision is trichromatic and uses three cone photoreceptor cells which are short 
(S-cone), medium (M-cone) and long (L-cone) wave sensitive (Sharpe et al., 1999). 
These have distinct but overlapping absorbance spectra with absorbance maxima of 
ca. 420, 534 and 563 nm (Bowmaker and Dartnall, 1983). However, in vzvo, the Xmax 
are all shifted to longer wavelengths: 440, 545 and 565 nm respectively. This is due 
to the transmission properties of the yellowish crystalline lens and the macular 
pigment of the eye which both reduce the amounts of short wavelength light reaching 
the retina so that the cones seem to be less sensitive to these wavelengths (Sharpe et 
al., 1999).
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Individual photopigments act as photon ‘counters’ -  they signal the rate at which 
photons are captured and not the wavelength of the photon caught. The probability 
that a photon is absorbed by a photoreceptor varies with wavelength but its effect, 
once absorbed, is independent of wavelength with the output of the photoreceptor 
depending on the number of photons absorbed (Stockman and Sharpe, 1999). Their 
individual spectral sensitivity determines how easily the photopigment absorbs a 
photon and the response elicited e.g. a S-cone is most responsive to a 420 nm photon 
so if short wavelength light is present then there will be a high rate of photon capture. 
Colour vision, therefore, is based on a comparison of photon absorptions in different 
photopigments (Sharpe et al., 1999). The loss of one cone photopigment, as occurs in 
colour blindness, reduces colour vision to dichromacy, where the output of only two 
cones determines the colour seen. This alters the ability to be able to discriminate 
certain colours in the region of the visible spectrum where the remaining two cones 
have the same response. Loss of the L-cone is known as protanopia, the M-cone as 
deuteranopia and the S-cone tritanopia (Sharpe et al., 1999).
1.5.6 Scotopic versus photopic vision
The rods and cones are both opsin-based photoreceptors but they have very different 
sensitivities and operate maximally under different lighting conditions.
There are approximately 5 million cones and 100 million rods in each eye (Wandell, 
1995). The cones are mainly concentrated in the fovea, where there are no rods, as 
this is the region where the visual image can be detected in the least distorted form. 
The S-cone pigment is present in 7% of all cones (Curcio, 1991) and in the remaining 
93% those containing the L-cone pigment are 1.5 times more frequent than M-cones 
(Sharpe et al., 1999). In the fovea there is a cone mosaic with no S-cones in the 
central area but a semiregular distribution throughout the rest of the fovea (Curcio et 
al., 1991).
The rods contain rhodopsin as their photopigment and have a Xmax497 nm (Bowmaker 
and Dartnall 1983). As there is only one type of rod pigment the rod visual system is 
achromatic (Tessier-Lavigne, 1991). Rods are able to detect dim light as they contain 
more photopigments than the cones and amplify their light signals. One photon of
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light can evoke a response in a rod whereas hundreds of photons must be absorbed by 
a cone to evoke a similar response (Tessier-Lavigne, 1991). This increased sensitivity 
means that rods are saturated under normal daylight. Rods do not provide such good 
spatial resolution as the cones as the rod system is convergent: many rods synapse 
onto the same neuron (Tessier-Lavigne, 1991). These differing properties mean that 
rods are suited to night-time, scotopic vision whilst cones are adapted for daytime, 
photopic colour vision.
Human sensitivity to light as a function of wavelength under bright day light 
conditions is called the photopic luminosity function and is denoted L(/L). Photopic 
vision has a spectral sensitivity that reflects the combined three cone system with a 
Xmax 555 nm, whilst the rod based scotopic system operates under low light levels 
with a Xmax 505 nm (Commission Interationale de TEclairage Proceedings, 1924 and 
1951 respectively) (Figure 1.11).
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Figure 1.11. Scotopic (black line, Xmax 505 nm) and photopic (red line, À,max 555 nm) 
luminousity functions (after Commission Internationale de F Eclairage Proceedings 
1951 and 1924, respectively).
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This dual system allows the mammalian eye to operate over a large range of light 
levels. Dark adaptation refers to how the eye recovers its sensitivity in the dark 
following exposure to bright lights and forms the basis of the Duplicity Theory. This 
states that above a certain luminance level (about 0.03 cd/m2) the cone system is 
involved in mediating vision (photopic vision) and below this level the rod system 
operates (scotopic vision). There is an overlapping range where both systems operate, 
known as the mesopic range and the dark adaptation curve reflects the different 
systems with the point at which the rods become more sensitive called the rod-cone 
break.
1.5.7 Action spectrum
When trying to establish which wavelengths of light are maximally effective in 
eliciting a biological response, or to determine the nature of a photopigment or which 
photopigment or photopigments are involved in a particular response, it is common 
practice to construct an action spectrum. Action spectra describe the spectral 
sensitivity of a light dependent response. True action spectroscopy uses fluence 
response curves to calculate the half-maximal response at each wavelength and then 
plots log (relative sensitivity) against wavelength (Johnson, 1995). It is also possible 
to determine equal intensity action spectra that only use a single fluence at each 
wavelength but these assume monotonicity of the fluence response. Nonmonotonic 
fluence response curves have been observed in the circadian photoresponses of some 
fungi and algae. This response probably means that some process downstream of the 
initial light absorption is converting the initial continuous photochemical response 
into a discontinuous biological response (Johnson, 1995).
In the absence of confounding factors such as screening pigments or differential 
absorption by the ocular media the action spectrum of a photodependent response 
must match the absorption spectra of the photoreceptor cells driving the response 
(Lythgoe, 1984). It is possible to correct for confounding factors such as changes of 
the spectral quality of light at the retina compared to at the cornea due to passing 
through the mammalian lens. Therefore construction of action spectra is a good 
method of identification of the nature of photoreceptor system.
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1.5.8 Irradiance versus visual response: outputs of the eye
Detection of light by the mammalian eye is required for both image generation and 
measurement of environmental irradiance. Thus the eye has parallel outputs encoding 
visual images and irradiance information via the optic nerve and the RHT, 
respectively (Provencio et al., 1998). Whilst visual pathways encode complex 
information such as colour, motion and spatial relations, non-image forming tasks 
require information about irradiance and duration of photic stimuli (Guido et al., 
2002). The fact that these two responses require such different information and 
resolution suggests that the photodetecting and processing systems involved may not 
be the same.
A number of physiological and behavioural functions respond directly to gross 
changes in the irradiance of environmental light (Lucas et al., 2001); for example 
photoentrainment of circadian rhythms, acute suppression of melatonin (Lewy et al., 
1980), acute elevation of core body temperature (Badia et al. 1991), pupillary 
constriction (Lucas et al., 2001) and increased human alertness (Cajochen et al. 2000). 
Different areas of the brain are responsible for processing visual and non-visual 
responses. The geniculate complex and superior colliculus are involved in vision and 
receive inputs from the optic nerve (Tessier-Lavigne, 1991). The SCN and IGL, 
involved in circadian resetting (photoentrainment), and the olivary pretectal nucleus 
(OPN), involved in the pupillary response, receive retinal inputs from the RHT 
(reviewed in Lucas et al., 2001). The irradiance thresholds are higher and the 
integration times much longer for photoentrainment than for visual image formation 
(Nelson and Takahashi 1991b) and these different dyanmics suggest that the two 
systems may use different photoreceptors or different methods of processing photic 
information.
1.6 CIRCADIAN PHOTORECEPTION
Circadian responses to light are due to alterations in the gross amount of 
environmental light. The nature of the circadian photoreceptor has been investigated 
in organisms ranging from the unicellular algae Gonyaulax, the fungus Neurospora, 
the fruitfly Drosophila to hamsters and mice. From all these studies it is clear that no 
single photopigment is used by all circadian pacemakers and this may reflect
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adaptation to particular photic cues relating to the environment that the organism 
inhabits.
1.6.1 Site of circadian photoreceptors
Studies of enucleated mammals, including humans have shown that the eyes provide 
the photic input to the clock as bilateral enucleation abolishes all circadian responses 
to light (Foster et al., 1991; Czeisler et al., 1995: Lockley et al., 1997). It was 
proposed that extraocular light exposure (popliteal) was also able to phase shift the 
clock (Campbell and Murphy, 1998) via a humoral phototransduction mechanism.
The theory proposed that photic activation of a tetrapyrrole-based photopigment 
resulted in the release of signalling gases such as carbon monoxide or nitric oxide 
(Oren, 1997). There is evidence that NO release in the SCN is required for light 
induced phase shifts (reviewed in Reppert and Weaver, 2001) but how a 
neurotransmitter such as NO released at an extraocular site would travel to the SCN is 
not clear. It has not been possible to replicate the extraocular photic responses 
(neither light-induced melatonin suppression (Lockley et al., 1998; Hebert et al.,
1999) nor phase shifts (Wright and Czeisler, 2002)) and so it appears that it is 
exclusively the eyes that provide photic information to the clock.
1.6.2 Rods and cones
The only components of the mammalian central nervous system known to be 
photosensitive are the rod and cone photoreceptors, so it was assumed that they 
provided the photic input to the clock. However, studies of retinally degenerate 
mouse models (Freedman et al., 1999) and visually blind humans (Czeisler et al.,
1995) have demonstrated that these classical photoreceptors are not required for 
circadian responses to light.
Mice that are homozygous for the rd (retinally degenerate) allele experience a 
massive degeneration in their photoreceptor cells so that when they are 60 days old all 
their rod cells (98% of all mouse photoreceptors) have degenerated and by 150 days 
of age all electrophysiological and behavioural visual responses have vanished 
(Carter-Dawson et al., 1978). The rd allele inactivates rod phototransduction and then 
triggers rod degeneration. These rd/rd mice are visually blind but they exhibit 
circadian responses to light with the same sensitivity as wild type mice (Foster et al..
Chapter 1 Introduction 7 9
1991) so it was postulated that the small number of remaining cones were responsible 
for the circadian response seen. Subsequently a mouse bearing a cl transgene, which 
induces profound degeneration of cone photoreceptors, was developed. Despite the 
lack of green and UV cones these mice exhibit unattenuated circadian responses to 
monochromatic light (Freedman et al., 1999) but as rods remain unaffected in mice 
bearing the cl transgene it was possible that they were responsible for the circadian 
responses.
These mice studies demonstrated that circadian responses to light can occur in the 
absence of both rods and cones. They suggested that there was functional redundancy 
with both photoreceptors providing a photic input to the clock and the absence of 
either cell type could be compensated for by the presence of the other (Freedman et 
al., 1999). If circadian photosensitivity was directly related to the number of 
photoreceptors then there would also be a decline in circadian response as the number 
of photoreceptors was reduced. If, however, the circadian photoreceptive system is an 
‘averaging processor’ and the output from all the circadian photoreceptors is averaged 
then only a few photoreceptors, such as the remaining cones in the rd/rd model, 
would be required to show a normal response (Foster, 1993). Alternatively it was 
suggested that severe photoreceptor degeneration could induce a compensatory 
increase in synaptic density between the retinal ganglion cells and the remaining 
retinal neurons to provide sufficient input to the circadian system but not the visual 
system (Moore et al., 1995). As the circadian photosystem relies on illuminance 
information rather than the contrast information required for the visual system, loss or 
rearrangement of photoreceptors may be less detrimental (Zeitzer et al., 1997) and so 
either of these hypotheses could have been correct.
However generation of a rd/rd cl (rodless coneless) mouse, which completely lacks an 
outer nuclear layer and thus has no rods or cones, demonstrated that normal circadian 
responses could be achieved in the absence of both rods and cones, with such 
responses being eliminated upon enucleation (Freedman et al., 1999). This finding 
suggested that there is a non-rod non-cone photoreceptor present in the mammalian 
eye that is involved in circadian responses to light. Further confirmation came from 
the fact that rd/rd cl mice show normal pineal melatonin suppression in response to 
509 nm monochromatic light (Lucas et al., 1999). Ageing rd/cl mice showed
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substantial retinal degeneration with complete loss of the outer retina and most of the 
inner retina (Semo et al., 2003). However circadian photoresponsivness was 
maintained together with the RGC layer suggesting that it was this cell layer that 
contained the circadian photopigment(s?) driving these responses (Semo et al., 2003). 
The animal data are supported by the knowledge that some visually blind humans, 
with no light perception, are able to entrain to a 24-hour environmental cycle and 
exhibit light-induced melatonin suppression (Czeisler et al., 1995; Lockley et al.,
1997). Whilst functional rods and cones are not absolutely required for circadian 
responses they may be involved in combination with a novel photoreceptor.
1.6.3 Non rod non-cone photoreceptors
The absence of an outer retinal layer in the rd/rd cl mice combined with the 
persistence of circadian responses to light in these mice suggests that the circadian 
photoreceptor is located in the inner retina. As the classical visual photoreceptors are 
opsin-based the search for novel photoreceptors initially focussed on novel opsins. A 
number of novel opsins have been identified in vertebrates and located in extra-retinal 
sites. These include encephalopsin, parapinopsin, peropsin and melanopsin (reviewed 
in Bellingham and Foster, 2002). Vertebrate ancient (VA) opsin is a functional 
photopigment (Xmax451 nm) in the Atlantic Salmon expressed in a subset of 
horizontal and amacrine cells and this was the first demonstration that a photopigment 
could be expressed in the inner retina of vertebrates (Soni et al., 1998). Subsequently 
three candidate circadian photoreceptive proteins have been located to the mammalian 
inner retina: melanopsin, a mammalian opsin (Provencio et al., 2000), and two 
mammalian cryptochromes, CRY 1 and CRY 2 (Miyamoto and Sancar, 1998). 
Currently there is evidence supporting the involvement of all three photopigments in 
the circadian response to light as well as a role for multiple photopigments possibly 
including the rods and cones.
Very recently an action spectrum for phase shifting has been constructed for rd/cl 
mice which fits a vitamin A-based photopigment with peak sensitivity at 481 nm 
(Hattar et al., 2003). This has a similar sensitivity to the pupillary light reflex (PLR) 
action spectrum in rd/cl mice (Xmax479 nm) (Lucas et al., 2001) and the intrinsic 
photosensitivity of the RGCs (Xmax 484 nm) (Berson et al., 2002). These data suggest
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that there is a novel opsin based photopigment that is involved in circadian responses 
to light and this is probably expressed in the RGCs.
1.6.3.1 Melanopsin
Melanopsin is a mammalian opsin with greater sequence homology to the invertebrate 
opsins than the vertebrate opsins (Provencio et al., 2000). It is expressed in the inner 
retina in a subset of amacrine and ganglion cells (Provencio et al., 2000). The 
ganglion cells that express melanopsin are the type III cells that make up the RHT, 
projecting to the SCN (Gooley et al., 2001). It is known that the RGCs of the RHT 
express PACAP and co-localisation studies have shown that melanopsin is expressed 
exclusively in PACAP-containing RGCs, and therefore exclusively in the RHT, 
suggesting a role for melanopsin in circadian light responses (Hannibal et al., 2002a). 
In the retina the melanopsin positive RGCs form a bilayered photoreceptive ‘net’ of
A
opsin-containing dendrites, which is anatomically distinct from the rod and cone 
photoreceptors in the outer retina, and this photoreceptor apparatus is ideally suited to 
detection of ambient irradiance and integration of information from the entire retina 
(Provencio et al., 2002).
The RGCs making up the RHT and innervating the SCN have been shown to be 
intrinsically photosensitive (Berson et al., 2002). The spectral sensitivity of these 
RGCs resembles a retinaldehyde-based opsin with a Xmax 484 nm and the slow 
kinetics of the light response matches those required for circadian entrainment where 
light information over a long time is integrated. There is little adaptation and there is 
no real response to brief stimuli (Berson et al., 2002). It is suggested that these RGCs 
are the primary circadian photoreceptors and it has been shown that they express 
melanopsin in their cell bodies, dendrites and proximal axonal segments (Hattar et al.
2002). As intrinsically photosensitive RGCs are invariably melanopsin-positive 
whereas conventional RGCs are melanopsin-negative it is suggested that melanopsin 
is responsible for this photosensitivity. The dendritic arbors of these RGCs are 
melanopsin-positive and this may allow spatial integration of retinal irradiance. It is 
not yet clear if these photosensitive RGCs also receive rod/cone inputs (Hattar et al., 
2002). The RGCs most densely innervate the SCN but the IGL (circadian 
photoentrainment) and OPN (pupillary light reflex) also receive inputs suggesting that
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the melanopsin positive RGCs are involved in other non-image forming irradiance 
responses (Hattar et al., 2002). The expression pattern of melanopsin and the intrinsic 
photosensitivity of the RGCs of the RHT strongly suggest that melanopsin could be a 
circadian photoreceptor.
Whole animal studies investigating the role of melanopsin in the circadian photic 
response have also been carried out. Melanopsin knockout mice entrain to a 
light/dark cycle, exhibit phase shifts in response to a light pulse, show lengthened 
periods with increased light intensity and exhibit light-induced expression of c-fos 
following a night time light pulse (Ruby et al., 2002). However, all theses 
behavioural responses are 40% lower than in wild type mice suggesting that 
melanopsin is not essential for circadian photoreception but appears to contribute 
significantly to the response. Melanopsin knockout mice exhibit reduced phase shifts 
in response to monochromatic light which is attributed to a reduced photic sensitivity 
in these knockout animals (Panda et al., 2002). The pupillary light reflex (PLR) has 
also been assessed in melanopsin knockout mice and whilst the response is unaltered 
at low irradiances there is a reduction in the PLR at high irradiances (Lucas et al.,
2003). The rod/cone system is known to contribute to this response but the PLR is 
also seen in rd/cl mice (Lucas et al., 2001). Thus it appears that there is a limit to how 
far the rod/cone system drives the response (the limit of the response seen in 
melanopsin knockout mice) and that both the melanopsin and rod/cone systems are 
required to provide the full dynamic range of the PLR (Lucas et al., 2003).
Very recently a triple knockout mouse has been generated that lacks functional rods 
and cones as well as melanopsin (Hattar et al., 2003). It should be noted that in this 
triple knockout mouse the rod-cone system was silenced by targeted deletions of 
genes involved in the G-protein coupled cGMP signalling pathway mediating rod- 
cone transduction and not by degeneration of the rods and cones, as occurs in the rd/cl 
mice. Therefore there is the potential that any other system using these genes would 
also be disrupted. Triple homozygotes did not show any entrainment to the light-dark 
cycle, showed diminished pupillary light reflex and failed to exhibit a masking 
response to light (Hattar et al., 2003). From these findings it is proposed therefore 
that the rod-cone system and melanopsin system are the exclusive light detecting 
systems in the eye involved in irradiance responses. In these triple knockouts the
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RHT projecting to the SCN was preserved and CRY 2 was still expressed in the inner 
retina suggesting that any remaining photodetection systems are not sufficient for 
providing photic input to the clock. However, until melanopsin is shown to be a 
functional photopigment it cannot be determined if melanopsin is an irradiance 
detecting photopigment or if it is a component of a light-detecting pathway.
The interaction between the melanopsin system and rod-cone system appears to be 
complex and the current data do not support equal contributions to the circadian 
response by each system. Absence of melanopsin alone attenuates circadian 
responses to light (Panda et al., 2002; Ruby et al., 2002) whereas when there is a total 
lack of rods and cones the melanopsin or another photoreceptive system is sufficient 
to maintain normal circadian responses to light (Semo et al., 2003). These data 
support the concept that the melanopsin RGCs provide the primary input and in their 
absence either rods or cones are recruited to the task or there is another photopigment 
present in the RGC layer (Semo et al., 2003). It may be that there is a melanopsin- 
associated photopigment which can function to a certain level alone but requires 
auxiliary input from melanopsin to produce a maximum response.
Despite the large body of evidence pointing to melanopsin being the circadian 
photoreceptor there has still been no proof that melanopsin is a functional 
photopigment. It is possible that melanopsin is not a photoreceptor itself but is co­
expressed with a yet unidentified photopigment. Melanopsin could act in a similar 
way to RGR opsin as a photoisomerase and be involved in generating 1 \-cis retinal 
for chromophore replenishment. Interestingly, in Xenopus melanophores rod opsin 
and melanopsin are co-expressed (Miyashita et al., 2001 -  reviewed in Bellingham 
and Foster, 2002) and it is postulated that melanopsin may support rod-opsin 
photopigment activity acting as a photoisomerase (Bellingham and Foster, 2002).
This role as a photoisomerase may be supported by the fact that melanopsin has 
greater sequence homology with the invertebrate opsins than vertebrate opsins. 
Invertebrate opsins use a different photopigment-regenerating mechanism whereby 
after the retinaldehyde chromophore is converted to d\\-trans it is retained and 
reisomerised to 1 \-cis by a second wavelength of light. Thus this self-photopigment 
regeneration does not require a chromophore-regenerating tissue such as the RPE. As 
melanopsin has invertebrate opsin homology it may retain this regeneration
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mechanism. This could mean that it has an auxiliary role for another photopigment or 
that it is able to be expressed in the inner retina, away from the RPE, and function as 
an independent photopigment.
The fact that rodless coneless melanopsin knockouts show no phase shifting is not 
conclusive proof that melanopsin is the primary circadian photoreceptor. There could 
be another photopigment associated with melanopsin that cannot function alone. 
Alternatively the rod-cone-melanopsin photoreceptors could contribute to a threshold 
of photic information and in their absence the remaining photic detection system 
cannot detect sufficient light to elicit a response.
1.6.3.2 Cryptochromes
Cryptochromes are flavin (FAD) and pterin containing photopigments with high 
sequence homology to the light-activated DNA repair enzyme, photolyase (Ahmad 
and Cashmore, 1993). They were first identified in plants where they were shown to 
act as blue-light photoreceptors involved in seedling establishment, flowering time 
and perception of daylength (reviewed in Devlin and Kay, 1999). Subsequently, two 
mammalian cryptochromes (CRY1 and CRY2) have been identified, which contain 
FAD and a pterin as chromophores but they exhibit no DNA repair activity (Hsu et 
al., 1996). Cryptochromes are blue light sensitive with a peak sensitivity around 420 
nm (reviewed in Miyamoto and Sancar, 1998). A number of lines of evidence suggest 
that cryptochromes could function as mammalian circadian photoreceptors.
Cryptochromes have been shown to function as circadian photoreceptors in 
Arabidopsis (Somers et al., 1998) and Drosophila (Emery et al., 1998) with 
overexpression of dCRY in Drosophila resulting in an increased sensitivity to photic 
clock resetting (Emery et al. 1998). dCRY acts as a photoreceptor by directly 
interacting with core clock components. dCRY undergoes a photochemical change 
that allows it to interact with dTIM resulting in deactivation of the TIM/PER complex 
involved in the negative feedback loop of the clock (Ceriani et al., 1999) (section 
1.3.4.1). In the fungus Neurospora crassa it has been shown that a flavin deficiency 
reduces the sensitivity of circadian phase shifting responses which implies that a 
flavin base photoreceptor is involved (Paietta and Sargent, 1981).
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In mammals mCryl and mCry2 are expressed throughout the inner retina in both the 
ganglion cell layer and the inner nuclear layer, with the expression of mCry2 being 
particularly high (Miyamoto and Sancar 1998). The site and distribution of this 
expression is consistent with that of a circadian photopigment involved in integrating 
photic information from across the retina and implicates the CRY proteins as possible 
candidates for circadian photoreceptors. Mice lacking mCry2 (Thresher et al., 1998) 
oxmCryl (Vitaterna et al., 1999) have reduced sensitivity to acute light induction of 
mPerl in the SCN, thought to be the mechanism involved in photic resetting of the 
clock, suggesting a photoreceptive role for cryptochromes in mammals. However, 
CRY1 and CRY2 are also expressed in a number of other tissues including the SCN 
where mCryl mRNA exhibits a circadian oscillation in expression (Miyamoto and 
Sancar, 1998). This suggested that CRYs may not have an exclusively photoreceptive 
role. Indeed it has now been shown that mCryl and mCry2 are in fact essential 
components of the clock itself (see section 1.3.4.2.1). Both single mutants entrain to a 
24-hour light dark cycle so that absence of either cryptochrome does not prevent 
photoentrainment (van der Hoorst et al., 1999). Double knockout mice are still able to 
entrain to a 24-hour LD cycle but upon transfer to DD become instantly arrhythmic 
(van der Hoorst et al. 1999), which confirms that the cryptochromes are essential for 
circadian rhythmicity and also that cryptochromes cannot be the exclusive circadian 
photoreceptor. It is possible that the action of CRY in the SCN clock has evolved so 
that in mammals it is a vital clock component and the photoreceptive function has 
been lost.
There is inconsistency in the photic response of cryptochrome knockout mice with 
one group reporting that double knockouts show photic induction of both mPerl and 
mPer2 (Okamura et al., 1999) whilst another group show that CRY double knockout 
mice show no light induction of mPerl but do show induction of mPer2 (Vitaterna et 
al., 1999). It is possible that cryptochromes act as a relay/link between 
photoreception and the clock, instead of being the primary circadian photoreception.
If this is the case then the differential responses of the two mPer genes could reflect 
altered differential interactions of the CRY protein following exposure to a light 
pulse.
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There is evidence that there is a non-opsin photoreceptive pathway innervating the 
SCN clock. Mice were generated that lack the retinol binding protein (RBP) 
responsible for mobilising hepatic retinol to the retina, where it is converted to retinal 
and used as the opsin chromophore (Thompson et ah, 2001). These RBP deficient 
mice were fed on a vitamin A-ffee diet so that within a week there was no detectable 
plasma retinol or retinal in the eye and the animals were visually blind. However, 
they still showed acute light induction of mPerl and mPer2 in the SCN which 
suggests that the primary circadian photoreceptor is not opsin based (Thompson et ah, 
2001). As the photochemical mechanism and function of melanopsin has yet to be 
established (section 1.6.3.1) it cannot be concluded that the 500-fold depletion of 
retinal observed in these experiments is sufficient to render melanopsin non­
functional and thus it may also be involved in the responses seen. If melanopsin does 
act as an invertebrate photopigment and can self-regenerate all-trans to 1 l-cis retinal 
it may be able to withstand retinal depletion. This would rely on a model involving a 
very stable holoprotein and continual two photon absorption for activation and 
regeneration of the protein which would be likely to induce photochemical damage to 
the protein (Thompson et ah, 2001).
Mice lacking rods and both cryptochromes were nearly arrhythmic in LD and DD 
cycles with greatly reduced light induction of c-fos in the SCN (Selby et ah 2000) 
suggesting that there is functional redundancy of cryptochromes and the rods. Some 
behavioural light responses persisted with the triple mutant animals exhibiting more 
activity in the dark phase than the light phase suggesting there may be a third weaker 
photic system operating. Although the rd mutation causes degeneration of most of the 
cones, some do persist and it is possible that they could be providing this weak input 
to the clock.
1.6.3.3 Evidence for rod and cone input to the circadian system
Evidence that cones may be involved in circadian photoreception come from studies 
on the blind mole rat, Sphalax ehrenbergi. This animal has subcutaneous eyes which 
are not capable of forming visual images but can regulate circadian responses to light 
(David-Gray et al., 1998). The retina has a functional cone photopigment (Xmax 497 
nm), which may have been retained for use in the circadian system (David-Gray et al.,
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1998). However, recently it has been shown that in Sphalax judaei, belonging to the 
super species S. ehrenbergi, melanopsin is expressed in RGCs which co-store 
PACAP, a neurotransmitter of the RHT (Hannibal et al., 2002b). It appears that the 
melanopsin/PACAP circadian photic system is present and has been conserved 
although it still remains to be proven that the melanopsin positive RGCs constitute the 
RHT.
Rat SCN neuron responses to retinal illumination under scotopic and photopic 
conditions have been studied and revealed that there appears to be a rod/cone input to 
the SCN (Aggeolopoulos and Meissl, 2000). Under dark adaptation conditions 92% 
of visually responsive SCN neurones received rod input with a spectral sensitivity 
resembling rhodopsin (Xmax 505 nm). Under light adaptation conditions 77% of the 
visually responsive neurones received cone input with a spectral sensitivity that 
matched the green cone opsin and shows maximal sensitivity at 510 nm. The two 
inputs have opposing effects with a scotopic background irradiance reducing the 
spontaneous firing rate in the SCN neurons, so that a short stimulus presented on this 
background caused on-excitatory responses. A photopic background increasing the 
firing rate with an overlaid stimulus causing an off-excitatory response. This 
antagonistic mechanism could be used in photoentrainment allowing the system to 
respond differentially to stimuli presented at different circadian phases.
1.6.3.4 Other irradiance-dependent responses
1.6.3.4.1 Pupillary light reflex
Apart from entrainment of circadian rhythms, a number of other non-image forming 
light responses exist including pupillary constriction. The PLR is mediated by a 
mechanism originating in the retina projecting to the olivary pretectal nucleus and 
resulting in the activation of muscarinic receptors on the iris sphincter muscles 
(reviewed in Lucas et al., 2001). The rods and cones are known to be important in the 
regulation of pupil size but the PLR response has been shown to persist in rd/rd cl 
mice suggesting that a novel photoreceptor system also contributes to this irradiance 
dependent response (Lucas et al., 2001). Whilst it is by no means proven that all 
irradiance non-visual responses are driven by the same photoreceptors the fact that 
this response still occurs without rods and cones is further evidence for the existence
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of novel photoreceptive mechanisms. The PLR response in the rd/rd cl mice had 
reduced photosensitivity compared to the wild type mice suggesting that the rod/cone 
contribution to this response is substantial. The PLR response in rodless coneless 
mice has an action spectrum that fits an opsin-based photopigment with a Xmax 479 nm 
(Lucas et al., 2001) which is not seen in wild type mice. It is possible that the OP479 is 
only recruited to this response upon elimination of rods and cones or that normally all 
three types of photoreceptors contribute to the response (Lucas et al., 2001). The 
diminished sensitivity of the response in the rd/rd cl mice could mean that OP479 only 
operates at high irradiances and thus extends the operational range of the PLR 
response by stimulating a response under conditions, such as sustained exposure to 
high irradiances, when rod/cones are habituated and no longer responding (Lucas et 
al., 2001).
1.6.3.4.2 Human cone ERG
Another irradiance-dependent response whose spectral sensitivity has been 
investigated is the cone ERG. The mammalian visual system undergoes a series of 
diurnal variations to be able to maximise its functioning under scotopic and photopic 
conditions. Some of the features of this diurnal transition include a nocturnal 
reduction in the threshold for rod-driven responses and a nocturnal decrease in the 
speed at which signals originating in the cone photoreceptors are processed (reviewed 
in Hankins and Lucas, 2002). Using the human cone ERG as a marker it can be 
shown that the daily variations in the visual system in response to changes in 
environmental irradiance show a spectral sensitivity that matches a opsimvitamin A 
photopigment with a Xmax 483 nm which is quite different from the known rod and 
cone photoreceptors (Hankins and Lucas, 2002).
1.6.3.5 Multiple photoreceptor pathways
There is a large body of evidence suggesting that there may be multiple 
photopigments involved in providing photic input to the clock and this may include 
the rods, cones, cryptochromes and melanopsin or a melanopsin associated 
photopigment. Knockout mice lacking one of these systems show altered or reduced 
circadian responses to light implying that there is more than one photic system 
operating. However, it is possible that knocking out one photoreceptor system could
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trigger compensation during development or could alter functioning of the adult 
system so that the response seen in the knockout mouse is not the normal operational 
system.
The concept of a multiple circadian photopigment system is plausible and would have 
a number of advantages. The existence of more than one circadian photoreceptor has 
been observed in plants (Somers et al., 1998) Drosophila (Helfrich Forster et al.,
2001). The input from multiple photopigments with a range of spectral and irradiance 
sensitivities would allow the clock to assimilate photic information over a broad range 
of wavelengths and irradiances. It is also possible that different photopigments could 
operate under different environmental lighting conditions so that the clock is always 
able to maximise the photic information available. The spectral quality of light alters 
over the day as well as with season and the environment occupied such that different 
photoreceptors could be used at different times of day or year to keep the clock 
entrained at the same phase. Different photoreceptors could be predominant 
depending on the wavelength and intensity of the light and their input could be 
modulated/augmented by the other photoreceptors. In Gonyaulax the circadian 
system is sensitive to both red and blue light and these different wavelengths have 
opposite effects on the period and phase shifting response to light (reviewed in 
Roenneberg and Foster, 1997). There appears to be a red/blue sensitive system 
responsible for phase delays before CT 15 and a blue sensitive system that is activated 
after CT 15 and is responsible for phase advances (reviewed in Roenneberg and 
Foster, 1997).
Most organisms have evolved to use the twilight transition as their primary zeitgeber 
and at this time the quality of light changes in three important respects: the amount of 
light, its spectral composition and the source of the light (i.e. the position of the sun) 
(Roenneberg and Foster, 1997). Therefore the circadian photic detecting system must 
be able to account for this variation in order to assess accurately the time of day.
There are also a number of local fluctuations in the amount of environmental light 
present, due to factors such as cloud cover and shadows, such that the sensory system 
must be able to smooth out these local fluctuations to obtain a reliable measure of 
light and thus time of day (Roenneberg and Foster, 1997). This could be achieved by
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integrating light information over a long period of time and not responding to brief 
alterations in illumination. At twilight irradiance alters by approximately 6 log units 
and in addition there is a relative enrichment of shorter wavelengths (<500 nm) 
compared to the mid-long wavelengths (500 -  650 nm) (Roenneberg and Foster,
1997). A potential mechanism to assess when the twilight transition occurs would be 
to use two photoreceptors with different spectral sensitivities to measure the relative 
amounts of long and short wave light (Roenneberg and Foster, 1997). This 
comparative system is similar to the 3-cone colour vision system. Finally the position 
of the sun relative to the horizon is a measure of time of day but using this as a phase 
marker would require complex mechanisms of detection, possibly with a lens and 
specific topography of the photoreceptors (Roenneberg and Foster, 1997). Detection 
of these variations in light quality at twilight would require spectral detection via 
comparative systems and irradiance detection via temporal integration systems. Such 
systems, as well as their coupling, would probably require multiple photopigments to 
minimalise noise and fine tune any response, and their interaction and 
dominant/recessive relationship would determine the observed response.
Action spectra for rodent circadian responses resemble absorbance spectra of opsin 
based photopigments with Xmax 500 nm in hamsters (Takahashi et al., 1984) and 511 
nm in mice (Provencio and Foster, 1995). However these action spectra could reflect 
the input of multiple photopigments and just describe the spectral sensitivity of the 
response, which could relate to the environment occupied by the mammal, and not the 
nature of a single photoreceptor. It is worth noting that the absorbance profiles of 
cryptochromes are much more variable than opsin based photopigments. This is due, 
in part, to the presence of two independent co-factors (a pterin and a flavin) either or 
both of which can act as the primary chromophore and also because the spectral 
sensitivity of the flavin alters according to its redox state (reviewed in Lucas and 
Foster, 1999a). Thus action spectra may not be the best method to identify the nature 
and relative contributions of circadian photoreceptors particularly as the response of 
the cryptochromes may change under different environmental conditions and/or 
depending on what other photoreceptors are present.
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There is often disparity between the absorption spectra of a photopigment and the 
action spectrum of the biological response due to factors such as light scattering or 
shielding by other pigments (Coohill and Jacobson, 1981 -  reviewed in Miyamoto and 
Sancar, 1998). Thus the absence of pigments in knockout mice could alter the 
wavelengths of light received by other photopigments and alter the spectral sensitivity 
of the response. As knockout systems are false and could induce compensation, 
altered development or alter the composition of light reaching the remaining 
structures it may never be possible to tease apart the relative contributions of each of 
the photoreceptive systems. However the actual spectral sensitivity of the circadian 
system can be characterised and this can be used to ensure that optimal entraining 
light conditions are used to treat circadian rhythm maladaptations and misalignments.
1.7 LIGHT AND THE HUMAN CIRCADIAN SYSTEM
1.7.1 Entrainment of the human circadian system
The light/dark cycle is considered to be the primary entraining agent for circadian 
clocks but early experiments suggested that light was not a strong enough stimulus to 
entrain the human circadian system (Aschoff and Wever, 1976). Human subjects 
lived in an underground bunker in Andechs, Germany and were exposed to a 12:12 
LD cycle. It was reported that this LD cycle (with light levels of typical indoor 
intensity) was insufficient to entrain and that periodic social cues were the principle 
synchronisers of human circadian rhythms and therefore higher cortical functioning 
was involved in entrainment. However, the major flaw in these experiments was that 
subjects could self-select their light cycles as they had access to bedside lamps and 
kitchen/bathroom lights which could be turned on during the dark period. From 
recent experiments it is now known that this lighting would have had an influence on 
the clock (Czeisler, 1995).
Subsequently it was demonstrated that light has a profound effect on the human 
circadian system. Lewy and co-workers (1980) showed that the nocturnal production 
of melatonin could be suppressed by exposure to 2 hours of 2500 lux light at 02:00 h. 
As this light-induced suppression is most likely mediated via the pathway connecting 
the retina, SCN and pineal gland, the finding implied that light could affect the human 
circadian system. Entrainment to a LD cycle in humans was demonstrated but it was 
not clear if this synchronisation was due to direct action of light on the clock or a
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masking effect (Czeisler et al., 1981). Wever and colleagues (1983) increased the 
range of entrainment of the human circadian system using 3000 lux, reinforcing the 
perceived importance of light as a synchroniser. A ‘skeleton’ photoperiod of one hour 
of light (2500 lux) morning and evening for 6 weeks phase advanced the human 
circadian system during the polar winter (Broadway et al., 1987). Seven days of 
evening exposure to bright light (7000 -  12 000 lux), whilst the normal sleep/wake 
cycle was held constant, resulted in a six hour phase delay in core body temperature 
(Czeisler et al., 1986). Thus light is able to phase shift and entrain the human 
circadian clock.
The sensitivity of the human circadian system to light is now well characterised and 
seven human PRCs to light exist (section 1.7.3.1). In addition, the effect of light 
intensity, duration, wavelength and timing of the light pulse have been assessed. 
Knowledge of the photic sensitivity of the human circadian system would be 
beneficial in using light therapy to treat circadian rhythm disturbances, which arise 
when the endogenous pacemaker is out of phase with the 24-hour environmental cycle 
(Sack and Lewy, 1997). If the minimum duration and intensity of light known to 
elicit a phase shifting response were known as well as the optimal spectral 
composition then phototherapy for circadian misalignment could be optimised.
Whilst the phase shifting response to light is a direct response of the circadian clock 
there are often great temporal and financial demands in measuring this response such 
that the light-induced melatonin suppression response, being less labour intensive, is 
frequently used as an approximation of the action of light on the clock.
1.7.2 Multiple versus single light pulses
The quest to investigate the action of light on the human circadian system has utilised 
a number of different strategies, which need to be explained before the results of these 
studies can be discussed. Three broad categories of light administration protocols 
have been used:
a) Entrainm ent studies where the interval between prestimulus and poststimulus 
assessment is longer than a week (e.g. Lewy et al., 1980; Broadway et al., 1987; 
Illnerova et al., 1992; Waterhouse et al., 1998). These studies involve repeated 
administration of a light pulse at the same clock time for a number of consecutive 
days in an attempt to phase shift the clock and entrain it to a new phase. This can
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be achieved by the imposition of a skeleton photoperiod (Broadway et ah, 1987), a 
specific LD cycle or exposure to a non-24 hour day (Waterhouse et ah, 1998).
b) Resetting trials with multiple pulses of light in which circadian phase is 
assessed before and after the stimulus in a period of less than a week (e.g. Czeisler 
et ah, 1986; Czeisler et ah, 1989; Zeitzer et ah, 1997; Rimmer et ah, 2000). The 
major drawback with such a protocol is the repeated administration of the light 
pulse at the same clock time each day. If the light pulse on the first day causes a 
phase shift then the phase position of the following light pulse, relative to the 
pacemaker, will have significantly shifted. Subsequent light pulses at the same 
clock time will fall on different points on the PRC that could either be less active 
or in fact produce shifts in the opposite direction (Dawson et al., 1993). As PRCs 
traditionally describe the relationship between the timing of a single light pulse 
and the phase shift it produces (Minors et al., 1991) the use of multiple pulses in 
the construction of a PRC (Czeisler et al., 1989) is inappropriate.
c) Resetting responses to a single pulse of light with circadian phase being 
assessed before and after the stimulus in a period of less than a week (Buresova et 
al., 1991; Dawson et al., 1993; Zeitzer et al. 2000; Khalsa et al., 2003).
Within these broad categories of studies there are a number of varying factors that 
make it impossible to integrate the results of all the studies and draw absolute 
conclusions about how a particular parameter of a light pulse, such as intensity, 
influences the magnitude of a phase shift seen. A difference in the degree of phase 
shift between studies could be the direct result of a change in the parameter of the 
light pulse, such as intensity or duration, or could be attributable to one of the 
following:
a) Variation in the light source and the spectral characteristics of the light pulse.
b) The timing of the light pulse in relation to clock time or circadian time (CT). A 
range of phase markers is used so that a particular CT may not be the same in all 
studies.
c) The CT of administration may be defined in the traditional way as the midpoint of 
the light pulse or as the start of the light pulse and these differences in definitions 
could confound comparisons of results.
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d) Exogenous factors such as environmental light exposure and posture which are not 
always controlled for (Kennaway et al., 1987; Dawson et al., 1993). These could 
influence any observed changes in phase.
e) Use of different circadian phase markers in different studies. As not all markers 
produce the same resolution this further complicates determination of the 
magnitude of a phase shift in response to a specific stimulus.
f) Previous light history. The degree of light-induced melatonin suppression 
observed is profoundly influenced by the individual’s light history (Hebert et al., 
2002) and it is likely that the phase shifting response is similarly affected.
Despite all these confounding variables the phase shifting effect of light on the human 
circadian system has been extensively investigated and the sensitivity of the system is 
being established.
1.7.3 The human PRC to light
The PRC to light has a similar shape in all mammals studied to date with light pulses 
administered in the early subjective night causing phase delays whilst light pulses in 
the late subjective night/early subjective morning result in phase advances (Saunders, 
1977). Light pulses during the subjective day do not appear to alter circadian phase 
(Saunders, 1977). The seven PRCs to light in humans exhibit this typical shape 
(Honma and Honma, 1988; Czeisler et al., 1989; Minors et al., 1991; Jewett et al., 
1994; Van Cauter et al., 1994; Jewett et al., 1997; Khalsa et al., 2003) with the 
crossover point between advances and delays occurring around the Tmin.
Although all the PRCs show a similar shape there is some variation in the magnitude 
of the phase shifts, which can be explained by the protocols used. The shape of a 
PRC is known to be influenced by the intensity and duration of the light pulse as well 
as the background illumination (reviewed in Honma and Honma, 1988). The first 
human PRC to light (Honma and Honma, 1988) used light pulses of 5000 lux with 
core body temperature and sleep onset as phase markers. However, the background 
lighting was 300-500 lux and this could be experienced at any time over the 24-hour 
day. As this light intensity is now known to be able to phase shift human circadian 
rhythms (Zeitzer et al., 2000), the self selected light exposure would have had a major 
influence on the clock and any results arising. Czeisler and colleagues (1989) 
demonstrated strong type 0 resetting of the human circadian system using 5 hour light
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pulses of 7000 -  12 000 lux, against a background illumination of 150 lux, with a 
maximal phase delay of 11 hours. However, this PRC was constructed using a 
multiple pulse protocol of three cycles of light exposure on three consecutive days 
which is an inappropriate method for a PRC: the phase shifts seen were a cumulative 
result of light pulses administered at a range of circadian times.
A further PRC to a three cycle light exposure of 10 000 lux (5 hours) against a 
background of 10-15 lux during waking hours and darkness during sleep time (Jewett 
et al., 1997) was described by the same research group. This PRC did not have a 
‘dead’ zone during the subjective day which was interpreted as the human circadian 
pacemaker being sensitive to light throughout the day. However due to the multiple 
pulse design this is probably an artefact of the design, the phase shifts being the result 
of a series of light pulses applied at a series of circadian times. In addition, in the 
subjective day, phase shifts were assessed only at 7.5 h (advance of 1.61 + 0.74 h),
12 h (delay of 0.18 + 0.83 h) and 16.5 h (delay 3.2 + 0.7Ih) after Tmin with the delay 
at 12 h being non-significant. It is therefore possible that a ‘dead’ zone does exist 
between 8 -  15 h after Tmin and that this was not observed under the conditions 
investigated.
A single 3-hour light pulse (9000 lux) generated phase shifts in Tmin with a 
maximum phase delay of 3 hours when the light pulse was centred 2 hours before 
Tmin and a maximal phase advance of 2 hours following a light pulse centred 2 hours 
after Tmin (Minors et al., 1991). Unfortunately there was only a single subject for 
each data point. Similarly timed light pulses of 3-hour duration but of 5000 lux 
resulted in maximal phase delays of approximately 2 hours and maximal phase 
advances of 1 hour in plasma melatonin rhythms (Van Cauter et al., 1994). Subjects 
in both these PRCs were exposed to a background lighting of at least 150 lux, an 
intensity which could influence the clock. As background illumination can influence 
the shape of the PRC, in order to obtain the definitive PRC to light the influence of 
environmental illumination should be eliminated or minimised. A PRC constructed 
against a background of very dim light may not necessarily accurately describe the 
response of a circadian system in its natural environment. The system may respond to 
a light pulse against a lit background and it may be the comparison of relative 
intensities between the light pulse and background lighting that determines the
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response. Previous light history may also influence the response seen as if subjects 
are maintained in very dim light for a few days before the pulse is administered then a 
different response may be observed to that which would be observed in nature.
The most reliable PRC to date used a single 6.7 hour pulse during which subjects 
alternated between 6 minutes fixed gaze of 10 000 lux and 6 minutes free gaze of 
4000 -  7000 lux (Khalsa et al., 2003). This study very carefully controlled for the 
possible masking influences of exogenous factors and used a background illumination 
of <15 lux. The type 1 PRC established, using plasma melatonin as a phase marker, 
showed maximal phase delays of approximately 4 hours with a light pulse centred 3 
hours before the Tmin (defined as CT 0). Phase advances of 2 hours were seen 
following a light pulse centred 3 hours after the Tmin. Although there was no 
prolonged ‘dead’ zone, the phase delays observed between approximately CT 11 and 
CT 15 were consistent with the anticipated daily drift of 0.18 h in constant conditions 
associated with an average human tau of 24.18 h (Czeisler et al., 1999). The major 
criticism of this study is that the sleep-wake cycle was displaced and this could have 
disturbed the circadian system.
1.7.4 Advances and delays
A number of studies have looked at the ability of a single light pulse to phase shift the 
human circadian pacemaker without constructing a full PRC (Kennaway et al., 1987; 
Buresova et al., 1991; Dawson et al., 1993). The magnitude of the phase shifts 
achieved with light pulses of varying intensities and duration, as well as the phase 
marker used, is summarised in Tables 1.1 and 1.2. The main criticism of these studies 
is lack of control of potential exogenous masking factors such as posture and daytime 
light exposure. The maximal phase shifts observed in the single pulse PRC studies 
are also included in Tables 1.1 and 1.2.
Kennaway et al. (1987) investigated the phase shifting ability of a 7-hour 3000 lux 
light pulse beginning at 19:00 h but this resulted in disruption of the sleep-wake cycle 
which could indirectly influence the clock. In addition aMT6s was used as the phase 
marker, which has poorer resolution than plasma melatonin, and environmental light 
exposure was not controlled for.
Ta
ble
 
1.1
. 
Su
m
m
ar
y 
of 
sin
gle
 p
uls
e 
ph
as
e 
ad
va
nc
e 
pr
ot
oc
ol
s.
97
1
CD
1
■Is % g %g
c d
1
O S0
3 § 1 §
u
i"
1
u s o < u
4 - ^
11
O  <D
S'
O  H
ti g CO c o Xl" <o
<o
o
r
Is
I
o
o
o o o
o o (N
|
m
m
o
O n oo
Ô O o
o O c o
o O
i n uo
o
o
o
oCN
I
o
o
o
r~-
o
o
o
t
0
1
I
<N
I
U
S  BT3 HI
u
<ti
cd
43
o
o CO
co xdo <D
a
aCD
u
I
Tm
co
I
1
<u aI 1
<Do O
<u
N• i—i >
C/3
• s
(N
I
VO t—H
O <N
(N O
+  1 4-1
O n t>
x f O n
l-H
(N
<L)
I
cd
o CN r —j I d
S3 I d
cd
+■* o
X -N
o5
5
<L>
§ /-—\ 1
x f o 1— 4 M CO 1—4ti ON o O n ON g O ncd ON a ON cd ON § O n
>
r H
S Q PQ
1— 4
<J\
CO
o
o<N
Ta
ble
 
1.2
. 
Su
m
m
ar
y 
of 
sin
gle
 p
uls
e 
ph
as
e 
de
lay
 
pr
ot
oc
ol
s
98
I
<DI
1
sI
P-I
f!
r£>
U S
gi I II 1i Iai
s
d>
i ,
o §
f 1
m in<d
i>
vd
! i
'S
o
oinm
ôooin
oo
oC\
oooin
o
oo
(N
I
ooo
o
oo
o<N
oo
o
o
o
G \
I
oinm
oo
o
<DI
(wO
c?
<o
IO
c
"g
(U
rO
H rti .a
<L) CN s
o ’O H<D
<L>
rO <o
U
43
O
o
cK I
O
I inr nIU
e-a m • rHE ti
H
1
CN
1
o
H
1CD CN <DrO H rOU
I I0
1
GO
<N
CN ro
VO
rd
o a
o
J
>
ov O nO n
cd
01 r-oo
O n
a
ON
cd
0
1 cdO C/3 COO 1 Oo oe 3 e
Chapter 1 Introduction 9 9
Dawson et al. (1993) measured the baseline ECP seven days before the phase shifting 
light pulse was administered. During this intervening week subjects remained at 
home and their light exposure was not controlled although their sleep-wake cycle was 
held constant so their phase should have remained more or less entrained. However, 
any perturbations of the clock due to uncontrolled light pulses at sensitive phases 
could have shifted the phase of the clock, thus altering the circadian time at which the 
light pulse was administered to the different subjects.
The phase advancing ability of a 6 hour light pulse (3000 lux) from 03:00 h resulted 
in differential phase shifts in the melatonin onset and offset (Buresova et al., 1991). 
This non-parallel phase shifting could be attributable to the presence of two oscillators 
namely an evening oscillator associated with melatonin onset and a morning oscillator 
associated with melatonin offset. However, the magnitudes of the phase shifts are 
confounded by the fact that daylight exposure was not controlled. In addition the 
clock time of light administration at 03:00 h could mean that that the light pulse was 
in both the advance and delay regions of the PRC which could have attenuated any 
phase shift.
1.7.5 Intensity response
Light is known to influence the circadian clock in an intensity dependent manner in a 
range of organisms from unicellular algae (Hastings and Sweeney, 1960) to hamsters 
(Nelson and Takahashi, 1991a). The first study to investigate a dose -  response 
relationship for the phase shifting ability of light in humans used a 3 cycle light 
stimulus (Boivin et al., 1996). The same protocol was used for all the light intensities 
studied (180 -  9500 lux) so it would appear that the effect of intensity administered at 
a specific phase could be directly compared, as the size of shift depends on the 
intensity. However, the problem of subsequent pulses being administered at different 
circadian times was still present. Nevertheless this study demonstrated that a 5 hour 
light pulse centred 1.5 h after Tmin was able to phase shift the human circadian 
system in a dose-dependent manner. The relationship between the phase shifting 
ability of light and its intensity followed a non-linear function (Boivin et al., 1996). 
Phase advances of 1.16 + 0.96 h, 2.69 + 0.69 h and 4.49 + 0.36 h were observed after 
exposure to 180 lux, 1260 lux and 9500 lux, respectively.
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The dose-response effects of a single phase delaying light pulse with regard to 
magnitude of shift was investigated by administering a 6.5 h light pulse centred 3.5 h 
before Tmin on a background illuminance of < 10 lux (Zeitzer et al., 2000). This 
experiment demonstrated that the pacemaker was very sensitive to light with 
illuminances below 15 lux eliciting little phase shift whereas light above 500 lux 
caused an apparent saturating phase shift of the endogenous plasma melatonin 
rhythm. Between these two illuminances the response rose rapidly with increasing 
illuminance and was fitted by a four parameter logistic model predicting saturation at 
~ 550 lux. A 6.5 h pulse o f-100 lux was shown to generate half the response of a 
pulse o f -9000 lux. The major flaw in this protocol is that the sleep-wake schedule is 
displaced which may have influenced the observed phase shifts. Under the 
appropriate conditions the ability of such low intensity light to phase shift the human 
circadian system has consequences in our modern 24-hour society. For example 
exposure to low level artificial lighting at sensitive circadian phases, such as during 
evening work, could affect any light dependent responses as well as possibly 
influencing the phase angle of entrainment of certain circadian rhythms.
1.7.6 Duration of light pulse
Although there is a clear intensity-dependent response for phase shifting (Boivin et 
al., 1996; Zeitzer et al., 2000) there does not appear to be a great variation in the size 
of the phase shifts obtained with light pulses of different durations. In humans it is 
not yet established which portion of a phase shifting light pulse is most effective in 
eliciting a response. In hamsters it has been shown that the first few minutes of a light 
pulse are most efficient in eliciting a phase shifting response and that extending the 
duration of the light stimulus beyond 300 seconds results in little further phase shift 
(Nelson and Takahashi, 1991b). In the first human PRC, light pulses of 3 and 6 hours 
produced phase shifts of similar magnitude (Honma and Honma, 1988) suggesting 
that the circadian system is saturated by a certain photon density, or by photons over a 
certain time frame, and that extension of the duration of the light pulse has no further 
effect.
The use of intermittent light pulses allows the various contributions of different 
sections of a light pulse to be assessed. Rimmer et al., (2000) used a 5-hour light 
exposure period with three different exposure regimes to assess the phase shifting
Chapter 1 Introduction 101
ability of intermittent light pulses. The pulse of 9500 lux, against a background of 10- 
15 lux, was centred ~ 1.5h after the Tmin. However, it was a 3-cycle light stimulus 
which has all the associated problems discussed earlier. The exposure cycles were: a) 
continuous exposure to bright light for 5 hours (100%) b) 46 minutes of light 
alternated with 44 minutes darkness (63%) and c) 5.3 minutes of light alternated with
19.7 minutes of dark (31%). The phase advances observed were 2.87 h in the 31% 
group, 3.90 h in the 63% group and 4.52 h in the 100% group. The fact that such a 
large phase shifting response was seen with both intermittent pulses is inconsistent 
with the direct drive model, which predicts that the effectiveness of bright light in 
phase shifting is homogenous throughout the stimulus. An alternative model is the 
‘maintained drive’ model which predicts that light produces a drive on the 
endogenous pacemaker that persists or is maintained for a period of time after lights 
off and this decays only gradually with an extended time course. Similarly when the 
light stimulus is initiated there may be a delay before the full phase shifting strength is 
achieved (Rimmer et al., 2000). It should be noted that this was not a crossover 
design with the subjects only receiving one of the intermittent exposure cycles and the 
100% group data were from a study 4-years earlier. Therefore some of the observed 
differences may be attributable to inter-individual variation.
This is not conclusive evidence that only the first part of the light pulse is effective for 
if this were so then the same magnitude phase shift would have been observed in all 
three conditions. Either there is a cumulative effect and the whole pulse of the light is 
important in eliciting a phase shift, consistent with a photon counting mechanism, or 
the first active part of the light pulse has to be of sufficient duration and intensity to 
elicit a maximum response i.e. a photon density threshold has to be reached.
If indeed it is only the first part of a light pulse which is responsible for eliciting a 
phase shifting response, then the use of the midpoint of the light pulse as a reference 
point for the phase (CT) of stimulation becomes inappropriate and makes comparisons 
between different studies even harder. Studies using light pulses of different 
durations but having the midpoint of their pulse at the same circadian time could have 
been compared. However, the light stimuli would begin at different circadian phases 
and if this is the biologically active part of the light pulse then it means that the light 
pulses would be administered at different phases and therefore would elicit different
Chapter 1 Introduction 1 0 2
responses. It also means that the crossover point on the PRC to light will be at a very 
different phase. If the phase shifting effect of a light pulse is cumulative and depends 
on the number of photons integrated over the whole pulse, the midpoint of the pulse 
appears to be the most suitable phase reference point.
1.7.7 Wavelength
Although the spectral sensitivity of light-induced melatonin suppression has recently 
been well characterised in humans (Brainard et al., 2001b; Thapan et al., 2001) the 
same cannot be said for the phase shifting response. Characterisation of the 
wavelengths of light to which the human circadian system is maximally sensitive 
would not only assist in the investigation into the nature of the circadian 
photoreceptor but on a more practical level would enable the spectral composition of 
light therapy, for circadian rhythm disturbances to be optimised.
Evening light exposure inhibits the nocturnal decline in core body temperature and the 
ability of three different wavelengths of light to do this was investigated (Morita et al., 
1995). A 5-hour light pulse of 1000 lux was administered at 21:00 h using broadband 
fluorescent lights with Xmax of either 610 or 540 or 430 nm. Inhibition was maximal 
with the green light (540 nm) but both the green and blue light had significantly 
higher core body temperatures during the night when compared to the red light and 
control condition. Unfortunately the bandwidth of the light sources was not 
mentioned. It is likely that they had overlapping transmission spectra so that the 
findings do not allow the contribution of a particular wavelength to the response to be 
isolated. In addition, the light pulses were of equal lux but not equal photons and as 
the number of photons is the biologically relevant measure for a light response the 
light pulses cannot be considered as equal so the results cannot be compared. The 
reliability of the results is further confounded by the fact that the study did not control 
for daytime lighting or circadian phase.
Whether the human circadian system utilises a scotopic or photopic photodetecting 
system was investigated (Zeitzer et al., 1997). A 5-hour red light pulse (spectral 
distribution not shown), centred 1.5 hours after Tmin, was administered to subjects for 
three consecutive days. The light was filtered so that it delivered 21 scotopic lux,
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(therefore having little effect on a rhodopsin rod-based system) and 220 photopic lux 
(thus able to stimulate a cone-based system). A phase advance of 0.95 + 0.68 h in 
Tmin was observed and this shift was not significantly different from the phase shift 
observed with a light stimulus of 180 photopic lux/ 320 scotopic lux. These results 
were taken to mean that the circadian photoreceptor is a photopically based system 
mainly relying on the long wave sensitive cones (L-cones), as the red light pulse 
reduced input to the green and blue cones by 99.60% and 99.23%, respectively.
These findings are not consistent with investigations into the nature of the circadian 
photoreceptor (section 1.6) or with the light-induced melatonin suppression response 
(section 1.7.8). As it is the number of photons that is biologically relevant for 
circadian rhythm responses calculation of the number and wavelength of photons 
delivered in this study would help in interpretation of the results.
The most comprehensive and interesting study to date that investigated the spectral 
sensitivity of the human phase shifting response has simultaneously looked at light- 
induced melatonin suppression and phase delay using the salivary melatonin rhythm 
as a marker of circadian phase (Wright and Lack, 2001). Five different wavelengths 
were administered in a randomised crossover design using light emitting diodes 
(LEDs) Xmax : 660, 595, 525, 497 and 470 nm (wavelength range 420-700 nm). A 
two-hour light pulse of 130 jjW  cm"2 was administered from 24:00 -  02:00 h. The 
same pattern of response was observed for both light-induced melatonin suppression 
and phase shifting. The responses were maximal with 470, 497 and 525 nm light, 
with all three wavelengths showing significantly more melatonin suppression than no­
light controls or with 595 and 660 nm light. There were no significant differences 
between these short wavelengths (470-525 nm) but 497 nm showed the maximal 
response with a phase delay of 36 mins and melatonin suppression of 81%.
This peak sensitivity of 497 nm for melatonin suppression was not the same as has 
previously been observed by 2 independent groups (Brainard et al., 2001b; Thapan et 
al., 2001). This discrepancy may be due to the fact that an equal irradiance of light 
rather than equal photon densities were administered. In addition, both action spectra 
for light-induced melatonin suppression (Brainard et al., 2001b; Thapan et al., 2001) 
were constructed from full irradiance response curves which had reached saturation. 
Comparison of a single pulse at each wavelength assumes univariance in the response
Chapter 1 Introduction 104
and if this is not the case then the spectral sensitivity observed may not be a true 
representation of the response.
Unfortunately there are a number of problems with this study. Firstly the LEDs had 
overlapping spectral power distributions so that the contribution of a single 
wavelength to the response cannot be isolated. Secondly the light pulses were of 
equal irradiance and not of equal photon density so that a comparison of the results 
cannot be done. The inability to distinguish between the responses of the three short 
wavelength groups could be due to the fact that different numbers of photons were 
administered to each group and so the spectral sensitivity of the response could not 
assessed. It could also reflect the insensitivity of salivary melatonin as a circadian 
phase marker. Finally wavelengths below 470 nm were not studied and as the light- 
induced melatonin suppression response appears to be maximally sensitive at around 
460nm (Brainard et al., 2001b; Thapan et al., 2001) lower wavelengths need to be 
studied before any conclusions can be drawn. More recently this group has 
investigated the effect of wavelength on phase advancing using the light pulses 
described above but administering the two hour pulse from 06:00 -  08:00 h (Wright 
and Lack, 2002). A similar pattern was observed with the three shortest wavelengths 
(470-525 nm) eliciting the largest phase advances but this time 470 nm produced the 
maximal advance of 65 minutes. The same protocol issues described above can also 
be applied to this study.
1.7.8 Light-induced melatonin suppression response
Pineal melatonin production is influenced by light in two ways. Firstly light entrains 
the SCN to the 24-hour day and the SCN in turn drives the circadian rhythm in 
production and secretion of melatonin. In addition ocular exposure to nocturnal light 
can acutely suppress melatonin synthesis and secretion (Lewy et al., 1980; Bojkowski 
et al., 1987; Brainard et al., 1988). This light induced melatonin suppression can be 
used to determine if  the pathways connecting the retina, SCN and pineal gland are 
intact and functional (Czeisler et al., 1995; Skene et al., 1999b). Thus the melatonin 
suppression response is often used as an approximation for the action of light on the 
clock in humans.
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1.7.8.1 Wavelength sensitivity
Attempts to identify the mammalian circadian photoreceptor(s) have utilised the 
spectral sensitivity of the light-induced melatonin suppression response. Photic 
information triggering this response is known to act via the eyes as melatonin 
suppression cannot be induced in bilaterally enucleated subjects (Czeisler et al., 1995) 
or by extraocular light exposure in sighted subjects (Lockley et al., 1998; Hebert et 
al., 1999). The melatonin suppression response persists in rodless coneless mice 
(Lucas and Foster, 1999b) and in some visually blind humans with no conscious light 
perception (Czeisler et al., 1995) but not others (Skene et al., 1999b). Humans 
lacking functional L-cones or M-cones, or both, exhibit normal light-induced 
melatonin suppression suggesting that that neither of these cone systems alone is 
sufficient to induce the response and a normal trichromatic visual system is not 
required (Ruberg et al., 1996). Subjects lacking S-cones were not studied and so their 
possible contribution to the response cannot be ruled out.
Comparison of irradiance response curves for light-induced melatonin suppression at 
505 nm (peak sensitivity of the scotopic system) and 555 nm (peak sensitivity of the 
three cone photopic system) showed that 505 nm is approximately four times more 
effective than 555 nm at suppressing melatonin (Brainard et al., 2001a). This implies 
that the photopic system involved in high-acuity colour vision is not the primary 
photoreceptor involved in regulating melatonin production (Brainard et al., 2001a).
All the above results suggest that the classical visual photoreceptors are not absolutely 
required for this acute effect of light and that a novel photoreceptor(s) is involved.
Two action spectra for light-induced melatonin suppression have been constructed 
and provide the first evidence of the existence of a novel photoreceptor in the human 
eye (Brainard et al., 2001b; Thapan et al., 2001). Univariance among the fluence- 
response curves for all wavelengths tested suggests, but does not prove, that a single 
photopigment is driving the response. The action spectra fit a single opsin-based 
photopigment absorption spectrum with Xmax 464 and 459 nm respectively (Brainard 
et al., 2001b; Thapan et al., 2001) which does not fit the absorption spectra of any of 
the known photoreceptors. One of the action spectra (Thapan et al., 2001) shows an 
enhanced sensitivity at 420 nm, which could reflect a contribution to the response
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from another photopigment such as the S cone or a cryptochrome. A similar pattern is 
observable in the action spectrum for melatonin suppression in Xenopus eyecups 
(Cahill et al., 1998). However, a recent follow up study looking at light of 415 nm 
Xmax at 6 irradiances showed this to be unlikely (Thapan and Skene, unpublished 
observations). Reanalysis of the irradiance response curves including the one at 
415 nm Xmax produced an action spectrum with Xmax 464 nm (Thapan and Skene, 
unpublished observations).
Although both action spectra fit an single opsin-based photopigment absorption 
spectrum with Xmax 464 nm it is still possible that multiple photopigments contribute 
to the response. A model proposed to determine the number of photopigments 
involved in circadian photoreception predicts that at least 2 photopigments are 
involved in humans (Cooper et al., 2002).
1.7.8.2 Comparison of light-induced melatonin suppression and phase shifting 
response
Although the light-induced melatonin suppression response is used as an 
approximation for the action of light on the clock it is not clear that this response and 
the phase shifting response are mediated by the same photoreceptors and/or 
downstream processes. In golden hamsters the light-induced suppression of pineal 
melatonin is 25 times more sensitive than the phase advance response when using a 
300 second stimulus of monochromatic light (Xmax 503 nm) (Nelson and Takahashi, 
1991a). Saturation of the melatonin suppression response occurred above 1011 
photons cm'2 sec'1 whereas saturation of the phase shifting response only occurred 
above 1014 photons cm'2 sec'1. The slopes of the two dose response curves also 
differed greatly with a much steeper slope in the melatonin suppression response.
In humans the dose-response relationship for light-induced melatonin suppression has 
been demonstrated with white light (200 -  3000 lux) (McIntyre et al., 1989) and with 
monochromatic light of Xmax 509 nm (Brainard et al., 1988). The phase delaying and 
light-induced melatonin suppression responses have also been simultaneously 
assessed (Zeitzer et al., 2000). Whilst both responses showed a dose-response 
relationship that was fitted by a four parameter logistic model, the sensitivities of the 
two systems differed greatly. Whilst phase delays were observed with light pulses
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above 15 lux, with saturation occurring at -550 lux, the light-induced melatonin 
suppression response was not observed below 80 lux but showed saturation at -200 
lux (Zeitzer et al., 2000).
This difference in sensitivities could reflect different photoreceptors or different 
processing of photic signals. There are at least two pathways from the retina to the 
SCN: the direct RHT (section 1.3.1.2) and the indirect route via the IGL of the lateral 
geniculate nucleus (section 1.3.1.3). It is conceivable that one pathway could mediate 
the phase shifting effects of light whilst other irradiance dependence responses utilise 
the other pathway. Alternatively the two responses could use different 
photoreceptors, or combinations of photoreceptors with the same pathway, or they 
could use the same photoreceptors but different processing pathways (Figure 1.12).
RHT?
a) p r a ~ ► Phase shifts
via IGL?
PRb ----------------------- IR
PRb
RHT?
► Phase shifts and IR
c) PRa
IGL?
 ►
Phase shifts
IR
Figure 1.12. Schematic photoprocessing pathways for the irradiance dependent (IR) 
and phase shifting effects of light a) both responses utilise different photoreceptors 
(PRs) and processing pathways (PP) b) the responses utilise different PRs but the 
same PP c) the responses utilise the same PRs but different PP.
On the basis of the hypothesis that the IGL mediates irradiance dependent responses 
other than photoentrainment it is interesting to note that as well as projecting to the 
SCN the IGL also has inputs to the OPN, involved in the pupillary reflex, and a
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number of areas that also receive input from the SCN (Moore et ah, 2000). It is 
possible that the IGL could provide the direct photic input for certain irradiance 
dependent responses or it could have an indirect input by modulating the photic input 
from the SCN and this could explain the differences in response dynamics. In 
hamsters the photic thresholds for the two responses are similar suggesting that the 
same photoreceptor (s?) are involved but the different sensitivities and stimulus- 
response curves imply that the photic information is utilised differently for the two 
responses (Nelson and Takahashi, 1991a). Another possibility is that the two 
responses use different parameters of the light pulse e.g. pulse onset, stimulus 
irradiance, pulse offset, duration of pulse or total number of photons administered 
(Nelson and Takahashi, 1991a). Phase shifting may require integration of photons 
over a long time period with a pulse of minimum duration and of minimum intensity 
being required before a response is elicited, whereas the melatonin suppression 
response may only depend on photons integrated over a shorter time period. It could 
be that photons are only counted for a set period and then a response is elicited, after 
this any further photons administered have no further effect (section 1.7.6).
Within the SCN a small subpopulation of cells has been identified that receives retinal 
input and also project to the subparaventricular area (subPVA), which is a major SCN 
projection site (de la Iglesia and Schwartz, 2002) (Figure 1.3). This could be a 
channel through the SCN which allows photic inputs to directly influence neural 
outputs. It has been postulated that two separate SCN to subPVA pathways underlie 
the melatonin suppression and phase shifting effects and this could explain the 
different sensitivities of the two responses (Zeitzer et al., 2000).
Alternatively the difference in the two responses may be at the level of light induction 
of the clock genes mPerl and mPerl. Light-induced expression of mPerl occurs 
throughout the subjective night whereas mPer2 can only be induced during the early 
subjective night (Zylka et al., 1998; Yan and Silver, 2002). Perhaps mPerl mediates 
the phase shifting response to light whilst mPer2 mediates the light-induced melatonin 
suppression response.
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The differing sensitivities of these two responses in humans means that light-induced 
melatonin suppression may not necessarily be an accurate assessment for the phase 
shifting effects of light on the clock.
1.7.9 Biological factors affecting circadian responses to light
There are at least two elements involved in determining the effectiveness of a photic 
stimulus in eliciting a response. Physical/biological stimulus processing involves the 
physics of the light source, gaze related to the light source and transduction of the 
light through the pupil and ocular media (Brainard et al., 1997). Sensory/neural 
processing involves absorption of photons by photopigments and subsequent 
generation of neural signals (Brainard et al., 1997). Included in the processing 
element is spatial and temporal integration of stimuli as well as the spectral sensitivity 
and state of adaptation of the photoreceptor.
1.7.9.1 Corneal and retinal illumination: pre-receptoral filtering
The physical measurement of a light stimulus, using a powermeter or lux meter, 
corresponds to the amount of light illuminating the cornea at the surface of the eye. 
Due to the physical structure of the eye and prereceptoral filtering the actual amount 
and spectral composition of light that reaches the retina is substantially different to the 
stimulus presented at the eye.
Before light reaches the photoreceptors it has to pass through the ocular media.
Firstly it passes through the vitreous humor, crystalline lens, aqueous humor and then, 
at the fovea, through the macula lutea which contains macular pigment. Both the lens 
and macular pigments absorb light (mainly short wavelengths) and this is because the 
optical density of the lens varies with wavelength and therefore so does the percentage 
transmission of each wavelength through the lens. Thus the spectral composition of 
the light is altered such that light measured at the cornea, entering the eye, may be 
substantially different by the time it reaches the retina. Such pre-receptoral filtering 
shifts the spectral sensitivity of the L, M and S cones to longer wavelengths in vivo 
(Stockman and Sharpe, 2000). The axial optical density of photopigment in the 
photoreceptor outer segment can also affect spectral sensitivity with an increase in the 
density resulting in a flattening of cone spectral sensitivity curves (Stockman and 
Sharpe, 1999). Absorption and scatter within the aqueous and vitreous humors
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appears to have minor effects on the quality and quality of light reaching the retina 
(Lerman, 1987).
The transmittance characteristics of the lens, with its strong absorption at shorter 
wavelengths, are thought to be a defence mechanism against damage to the central 
retina by shorter-wavelength photons (reviewed in Charman, 2003). The macular 
pigment covers the central 5° of the retina, the foveal region, and absorbs strongly at 
wavelengths below 520 nm (Ciulla et al., 2001 -  reviewed in Charman, 2003).
When determining the spectral sensitivity (action spectrum) and nature of a 
photopigment underlying a particular response, the filtering effects should be removed 
or accounted for. Removing the filtering effects of the lens (using the correction 
factors of Stockman and Sharpe, 1999) altered the shape of the action spectrum for 
light-induced melatonin suppression and shifted the maximum sensitivity to shorter 
wavelengths (Thapan et al., 2001).
1.7.9.2 Angle of gaze and retinal illumination
The dynamic nature of the human eye and head, including eye blink and closure, can 
have an impact on the effectiveness of a photic stimulus in eliciting a response 
(Brainard et al., 1997). It is possible to attenuate the light entering the eye by a factor 
of 10 to 100 by altering the direction of gaze (Brainard et al., 1997). When subjects 
were seated directly in front of a light panel it was possible to reduce corneal 
illuminance by 60% and 80% by rotating the subjects 45° and 90° respectively from 
the direct exposure (Gaddy, 1990).
Although it appears that the retinal ganglion cells that make up the RHT are 
distributed diffusely across the retina it is not yet clear if certain areas of the retina 
send stronger signals than other areas (Brainard et al., 1997). Studies have been 
carried out to compare the light-induced melatonin suppression response when 
different areas of the retina are illuminated (Adler et al., 1992; Basko et al., 1999; 
Visser et al., 1999). The most reliable study to date used white light pulses of equal 
photon density administered to the full retina, inferior retina or superior retina 
(Glickman et al., 2003). This study showed that inferior retinal exposure was 
significantly more effective than superior retinal exposure in suppressing melatonin.
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This could indicate that the photoreceptors involved in the light-induced melatonin 
suppression response are most densely distributed in the inferior retina.
1.7.9.3 Pupil size
Pupil diameter is adjusted in response to light intensity by the iris of the eye, a thin 
pigmented layer of muscle tissue in front of the lens. The pupil diameter of humans 
ranges from 2 - 9  mm so that retinal exposure is increased upon pupil dilation and 
decreased upon constriction. The pupillary light reflex is involved in enhancing 
vision and protecting the retina from light damage (Lownenstein and Loewnefeld,
1962 -  in Brainard et al., 1997).
The effect of pupil size on an irradiance response was investigated by measuring 
light-induced melatonin suppression in subjects with freely constricting and 
pharmacologically dilated pupils (Gaddy et al., 1993). Pupil dilation significantly 
enhanced the melatonin suppression achieved with 200 lux white light. A linear 
relationship between retinal illumination and melatonin suppression was not observed 
and this was attributed to intersubject variability resulting from intraocular absorption 
and scatter as well as variations in the width of palpebral fissure (Gaddy et al., 1993). 
Pupil size can regulate retinal illumination and thus the magnitude of the photic signal 
sent to the SCN. Therefore maximising pupil diameter using pharmacological agents 
may be a method of enhancing circadian responses to light. However in a light 
therapy situation it may not be possible or practical to pharmacologically dilate the 
pupil, e.g. if using light to enhance alertness on a night shift when machinery is being 
operated.
1.7.9.4 Ageing
Ageing influences the structure of the lens and consequently its transmittance 
characteristics and therefore the spectral and threshold sensitivity of certain photic 
responses may be altered. As the lens ages it develops a yellow pigmentation and this 
reduces the amount of light reaching the retina, in particular the short wavelengths 
(Lerman, 1987). Lenses from humans aged 60 -  69 years transmit significantly less 
440 - 540 nm light than lens of humans aged 20 -  29 years (Brainard et al., 1997) 
(Figure 1.13). Comparison of lens transmittance in young and old hamster lenses over 
200 -  700 nm reveals a decrease in the older hamster lens transmittance of 8% at 700
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nm which declines to 25% at 500 nm and 50% at 340 nm (Zhang et al., 1998). In aged 
golden hamsters (1 8 -2 2  months) there is a 20-fold increase in threshold for the phase 
shifting effects of light and the photic induction ofFos in the SCN (Zhang et al. 1996) 
and the change in lens transmission is thought to contribute to this altered sensitivity. 
Due to the reduction of short wavelength light being transmitted through older lenses 
the spectral sensitivity of the L, M and S cones will be shifted to longer wavelengths 
in vivo.
The pupil diameter also changes with age, under light and dark-adapted conditions, 
and has its maximum value at the age of 15 years (reviewed in Charman, 2003). The 
reduction in pupil size with ageing is responsible for a twofold decrease in retinal 
illumination in a 70 year old eye (Charman, 2003).
The influence of age on the structure of the eye and the response of the photoreceptors 
highlights the importance of only using subjects within a narrow age range in studies 
investigating the effects of light on the circadian system. If only subjects under 40 
years of age are studied then the effects of pre-receptoral filtering by the lens and 
variation in pupil size can be minimised.
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1.7.10 Circadian rhythm disturbances and light therapy
Circadian desynchrony accounts for many of the problems associated with jet lag and 
night shift work. In numerous studies light therapy has been utilised to try to enhance 
adaptation to a new environment following an abrupt shift in circadian phase.
The use of light to enhance circadian adaptation to night-shift work, such that 
circadian rhythms are realigned with the shifted sleep period, relies on two main 
strategies: appropriate use of nocturnal high intensity light to phase delay circadian 
rhythms and shielding from external daytime light (reviewed in Burgess et al., 2002). 
Early morning light causes phase advances, which, if not avoided, will counteract the 
phase delays required to adjust to a daytime sleep schedule. In addition to its phase 
shifting effects, nocturnal bright light has also been shown to have an acute alerting 
effect (Dawson and Campbell, 1991) and enhances cognitive performance (Campbell 
and Dawson, 1990).
Often a staggered pattern of light exposure has been used to enhance circadian 
adaptation as opposed to light being administered at the same clock time each day. 
This is because if a light pulse produces a phase shift on the first day then the pulse on 
the subsequent day will be administered at a different phase and could produce a 
phase shift in the wrong direction. ‘Staggering’ bright light, for example moving the 
light exposure later and later each day when inducing phase delays (Deacon and 
Arendt, 1996), ensures that the light continues to act on the correct portion of the PRC 
and maximises the desired phase shift (Burgess et al., 2002).
A number of shift-work studies have utilised carefully timed nocturnal bright light 
exposure to delay the circadian pacemaker and thus improve daytime sleep and night­
time alertness (Czeisler et al., 1990; Dawson and Campbell, 1991; Eastman, 1992; 
Deacon and Arendt, 1996). A combination of bright light (2000 -  7000 lux) during 
the first 6 hours of night shift and wearing goggles on the commute home has been 
shown to delay the core body temperature rhythm so that Tmin was appropriately 
aligned with the daytime sleep episode (James and Boivin, 2001). A nocturnal light 
pulse during the night shift period does not necessarily need to be a long exposure if it 
is appropriately timed. During 8 consecutive simulated night shifts, phase shifts of at 
least 8 hours were achieved in 69% of subjects who had 6 hours of 5000 lux
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compared to 65% with 3 hours of 5000 lux (Eastman et al., 1995). In addition a 
moving pattern of medium intensity light (1230 lux for 3 hours) during the night shift, 
combined with wearing dark glasses in the morning, resulted in 85% of workers 
adapting to a 10 hour delay in sleep period as compared to 100% with a pulse of 5700 
lux (Martin and Eastman, 1998). Thus it appears that it may be possible to achieve 
adaptation with lower light intensities for shorter periods than was previously thought.
The use of light during the night shift may not be possible due to the work 
arrangements and therefore the use of intermittent light pulses may be advantageous 
as workers could receive light during breaks or while performing certain tasks 
(reviewed in Burgess et al., 2002). Adaptation to a 9 hour delay in the sleep period 
was achieved using a 6 hour light pulse of 5000 lux in the first 6 hours of the first 3 
night shifts combined with subjects sleeping (or remaining) in darkened bedrooms for 
8 hours after each shift and wearing dark glasses whenever they went outside (Baehr 
et al., 1999). If an intermittent light pulse of 40 mins 5000 lux alternated with 20 
mins <500 lux for 6 cycles, was used then the phase shifts in timing of Tmin were of 
similar magnitude to those observed with a continuous pulse (Baehr et al., 1999).
Short periods (4 x 20 mins) of bright light (2350 lux) during night duty have also been 
shown to enhance performance without shifting the clock (Costa et al., 1993) which 
indicates that the acute effects of light can also be utilised to reduce some of the 
negative effects of night shift work.
The ability of nocturnal light to increase circadian adaptation can be attenuated by 
exposure to morning light. A 2 x 2 study design was used to assess dark goggles 
versus no goggles on commute home combined with 6 hours of 5000 lux on the first 2 
night shifts compared with ordinary room light (Eastman et al., 1994). Without 
goggles only phase advances were seen whereas goggles increased the number of 
observed phase delays following exposure to both nocturnal ordinary room light (by
2.4 hours) and bright light (by 1.9 hours). Therefore avoidance of morning light by 
wearing goggles was shown to improve circadian adaptation with and without 
exposure to night-time bright light.
The scheduling of the sleep-wake cycle is also as important as the timing of light 
stimuli in circadian adaptation to night-shift work (Mitchell et al., 1997). A shift of
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circadian rhythms in the opposite direction to that of the sleep-schedule is called ‘re- 
entrainment by partition’ or an antidromic phase shift (Aschoff, 1978 -  reviewed in 
Mitchell et ah, 1997). If bright light during the night-shift is timed to produce a phase 
delay and combined with a delayed sleep/wake schedule then large phase delays in 
Tmin are observed (Mitchell et ah, 1997). If, however, the sleep-wake schedule is 
advanced then a phase delaying light pulse is not able to phase shift the circadian 
rhythms which suggests that timing of sleep/dark is as important as the timing of the 
light pulse. Bright light and sleep/dark appear to exert equal and opposite forces and 
in practice may cancel each other out (Mitchell et ah, 1997).
Daytime bright light exposure can also be used during recovery after a period of night 
shifts to resynchronise the pacemaker to a normal position and the phase shifting 
ability of light in the recovery situation may be enhanced by exposure to social cues 
(Bougrine et ah, 1995; Bjorvatn et ah, 1999).
Thus it may be possible to adapt night shift workers to a delayed sleep period using 
light pulses of lower duration and intensity than was previously thought (Eastman et 
ah, 1995; Martin and Eastman, 1998). This will facilitate scheduling of light exposure 
within the night-shift to fit in with the work pattern and will make it more comfortable 
for the workers who often find the high intensity artificial light aversive (Budnick et 
ah, 1995). The use of goggles, for reducing morning light exposure, on the commute 
home is also a very important tool for circadian adaptation to night shift work 
(Eastman et ah, 1994), although the safety issue of driving in low light levels when 
wearing such goggles must be considered. Interestingly, in hamsters, the size of a 
light-induced phase shift can be substantially reduced if the animals are active during 
the light pulse (Ralph and Mrosovsky, 1992). Therefore the type of work that is being 
carried out on a night-shift i.e. sedentary or active processes, may influence the phase 
shifting response to a light stimulus, and hence the rate of adaptation to night work. 
This hypothesis remains to be proven in humans although it has been shown that there 
were no differences in phase shifting responses between sedentary and physical 
workers on oil rigs (Barnes et al., 1998) which suggests that the type of work will not 
influence the rate of adaptation.
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A number of light treatments have involved lengthy light exposures of up to 8 hours 
and the problems of time constraints have been the driving force to try and develop 
more efficient means of delivering treatment whilst retaining the same magnitude of 
phase shifts (Rimmer et al., 2000). The sensitivity of the circadian system to 
intermittent pulses (Rimmer et al., 2000) and low intensity light (Zeitzer et al., 2000) 
means that less restrictive bright light treatments can be used to reset the human 
circadian pacemaker. Clearly a knowledge of the minimal duration and intensity of 
light required to elicit a response would make light therapy easier to administer for 
less time and thus be more comfortable to the subjects and less expense in time and 
money. If the optimal wavelength of light acting on the circadian system can be 
identified then not only can this wavelength be maximised in light therapy but it can 
also be avoided at times when phase shifts are not required, such as during the early 
morning commute home following night shift work, by wearing goggles that cut out 
such ‘phase-shifting’ wavelengths
1.8 RESEARCH PROPOSAL AND AIMS OF THESIS
The light-dark cycle is the most important stimulus for entraining the human circadian 
system but the photoreceptor(s) involved in transducing light information to the clock 
have yet to be identified. Whilst there has been substantial progress in studying the 
nature and site of the circadian photoreceptor(s) in vitro and in animal studies it is 
much harder to characterise the photoreceptors involved in the circadian effects of 
light in humans.
The light-induced melatonin suppression response has been used as an approximation 
for the action of light on the clock. Two action spectra for this response have been 
constructed (Brainard et al., 2001b; Thapan et al., 2001) both of which fit an opsin- 
based photopigment with maximal sensitivity around 460 nm. This template does not 
fit any of the known rod and cone photoreceptors and the data suggests that there is a 
novel photopigment in the human eye that is involved in irradiance responses. It is 
not absolutely proven that all non-visual light responses are mediated by the same 
photoreceptors and processing mechanisms and indeed the phase shifting response to 
light and light-induced melatonin suppression response exhibit different sensitivities 
and dynamics (Nelson and Takahashi, 1991a; Zeitzer et al., 2000).
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The overall aim of this thesis is to assess the spectral sensitivity of the human phase 
shifting response to light in humans. This will be achieved by the following stages:
a) Design and validate a protocol to investigate the phase advancing effects of light 
in healthy, normal volunteers. The protocol must be highly controlled to ensure 
that the influence of exogenous factors, such as environmental lighting, posture 
and exercise, is minimised. The subjects must be entrained to a similar phase so 
that the light pulse is administered at the same circadian phase in all subjects and 
therefore the results can be compared. A bright white light pulse is used as a 
positive control, to ensure that the light pulse is appropriately timed and of 
sufficient duration to produce a phase shift in the desired direction. A dim white 
light pulse is used as a negative control to ensure that the protocol itself does not 
influence circadian phase.
b) Compare the ability of a bright white light pulse (12 000 lux), dim white light 
pulse (< 8 lux) and a short wavelength light pulse (8 lux) to phase shift circadian 
rhythm markers (plasma melatonin and core body temperature). This will 
determine if the phase advancing response is primarily mediated by the 3-cone 
photopic system or if it exhibits a similar short wavelength sensitivity to the light- 
induced melatonin suppression response.
c) Assess the ability of equal photon density monochromatic light pulses of 4 
different wavelengths to phase shift circadian rhythm markers (plasma melatonin 
and core body temperature). This can be used to determine the pattern of spectral 
sensitivity for the phase shifting response.
d) Assess the acute effects of light on elevating core body temperature and increasing 
alertness using equal photon density monochromatic light pulses. The pattern of 
response can be compared to the phase shifting and light-induced melatonin 
suppression responses in an attempt to determine if all non-visual responses to 
light are mediated via the same photodetection pathway.
Knowledge of the spectral sensitivity of the human circadian system to phase shifting 
light pulses would help to optimise light therapy for circadian disturbances, such as 
shift work and jet lag. The action spectra for light-induced melatonin suppression 
suggest that the human circadian system is most sensitive to short wavelength light. 
However, before this finding can be used to optimise light therapy to enhance 
circadian adaptation it needs to be demonstrated that the phase shifting response to
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light exhibits a similar spectral sensitivity. The minimal light intensity required to 
elicit a phase shifting response with different wavelength lights also needs to be 
assessed. Therefore the findings from this thesis will have practical applications in 
designing light treatment and regimes.
CHAPTER TWO
METHODOLOGY
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2. METHODOLOGY
The spectral sensitivity of the phase shifting response to light was investigated using a 
four-day phase advance protocol with a 4-hour light pulse administered at 
approximately CT 4. Ethical permission to carry out this experimental study was 
obtained from the University of Surrey Advisory Committee on Ethics 
(ACE/2001/04/SBLS).
2.1 SUBJECTS
Subjects were selected from volunteers recruited by advertisement from the 
University of Surrey undergraduate and postgraduate student population. They were 
provided with information sheets (Appendix 1) about the nature of the study and what 
they were required to do as well as being given a verbal explanation by one of the 
investigators. Written informed consent was obtained from the subjects before the 
study began (Appendix 2) and subjects were allowed to withdraw from the study at 
any time for whatever reason. Subjects were asked to complete a medical 
questionnaire (Appendix 3) and had to have their doctor’s permission to be allowed to 
participate. Subjects were reimbursed for their time and inconvenience and those that 
did not complete the study were paid on a pro rata basis.
2.1.1 Inclusion criteria
In order to take part in the study subjects had to:
a) Be male and aged between 18 and 40 years
b) Have a detectable urinary aMT6s rhythm (see section 2.2.3) and excrete more than 
5pg aMT6s in their urine over a 24-hour period. This criterion is to ensure that 
they have sufficient endogenous levels of melatonin for it to be used as a circadian 
phase marker during the study.
c) Have a regular sleep/wake cycle that involved going to bed between 22:00 and 
24:00 h and getting up between 07:00 and 08:00 h.
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2.1.2 Exclusion criteria
Subjects were excluded if:
a) They were taking any sleeping medication or drugs which are known to interfere 
with the circadian system and/or affect the production of melatonin (e.g. 13- 
blockers (Arendt et al., 1985), benzodiazepines, barbiturates and antidepressants 
(Skene et al., 1994)
b) They had given over 50 ml of blood in the previous four months
c) They had conducted any shift work or been on a transmeridian flight within two 
weeks of the experiment commencing
d) They secreted less than 5pg aMT6s over 24 hours
e) They were positive for drugs of abuse (see section 2.2.2)
f) They had abnormal haematology (see section 2.2.2)
g) Their doctor did not give consent for them to take part in the study
h) They were colour blind
2.1.3 Subjects studied
The results of all the studies described in this thesis are from a total of 22 male 
subjects who were studied over 12 4-day study sessions with each subject completing 
between one and nine sessions. The subjects studied were aged between 20 and 38 
years of age (mean + SD, 27 + 4 years) and all met the required inclusion and 
exclusion criteria and pre-study measurements. A summary of the subject details is 
given in Appendix 4. A summary of the light treatments studied in each session and 
received by each subject is given in Appendix 5.
2.2 PRE-STUDY MEASUREMENTS
2.2.1 Questionnaires
Subjects were asked to complete three questionnaires (see Chapter 3):
a) Pittsburgh Sleep Quality Index (Buysse et al., 1989) -  only subjects with a score 
of 5 or less were included.
b) Horne-Ôstberg morningness-eveningness questionnaire (Horne and Ôstberg,
1976) -  subjects that were extreme morning (>69) or extreme evening (<31) types 
were not included.
c) Ishihara colour blindness test -  only subjects that passed this test were included.
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2.2.2 Urine and blood screens
At least 3 weeks before the study session subjects were required to give a blood 
sample for a haematology screen and a urine sample to be screened for drugs of 
abuse. Their red blood and white blood cell count was measured by the haematology 
department, Royal Surrey County Hospital, Guildford, UK. This was to ensure that 
the subjects were not anaemic and could therefore donate blood without any 
detrimental effect to their health. Only subjects with a normal haematology screen 
were allowed to participate. The urine sample was screened at Epsom Hospital 
Laboratories, Surrey, UK and any subjects that were positive for drugs of abuse were 
excluded. All subject information was coded and held in strictest confidence in 
accordance with the Data Protection Act (1998).
2.2.3 Urinary aMT6s assessment
Urinary aMT6s levels were measured in order to establish that the subjects had a 
normally entrained melatonin rhythm. The peak (acrophase) of the aMT6s rhythm 
should be between 03:00 and 06:00 h to be classified as normally entrained (Arendt, 
1993). Subjects were asked to collect sequential 4 hourly (8 hourly overnight) urine 
samples for 48 hours before the start of the study. These samples were analysed for 
aMT6s by radioimmunoassay (Arendt et al., 1985, modified by Aldhous and Arendt, 
1988) (section 2.6.1). The results were then subjected to cosinor analysis (48-hour 
window) to calculate the peak time (acrophase) of aMT6s production (software from 
Dr D.S. Minors, University of Manchester, UK). This acrophase time was used to 
ensure that their endogenous aMT6s rhythm exhibited the expected relationship with 
their sleep/wake cycle, which was being used as a predictor of phase (see Chapter 3). 
The 24-hour aMT6s output was calculated to ensure that the subjects had sufficient 
endogenous levels of melatonin for it to be used as a reliable phase marker.
2.2.4 Pre-study restrictions
For 3 weeks before the study and throughout the study period subjects were asked to 
avoid prescription drugs (e.g. antibiotics, sedatives), over the counter drugs (e.g. 
Lemsip, multivitamins), non-prescription drugs (e.g. aspirin, paracetamol) and 
recreational drugs (e.g. cannabis).
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For 4 days before and throughout each study session the subjects were asked to 
abstain from caffeine, nicotine and excessive exercise, known to affect the melatonin 
rhythm (see section 1.4.1.6). They were also asked to avoid bright light between 
17:00 h on one day and 10:00 h on the following day, wearing sunglasses if 
necessary. These light restrictions were applied to minimise any disruption from the 
entrained phase and to ensure that there would be a normal melatonin profile during 
the study.
2.2.5 Activity and Light Monitoring
For two weeks before the study subjects were asked to maintain a regular sleep/wake 
cycle of going to bed at 23:00 h and getting up at 07:00 h. They were allowed to 
deviate from these times by up to an hour in either direction. During this period 
subjects were also asked to complete sleep diaries to ensure that they complied with 
the required schedule and to note any anomalies. The diaries required the following 
information:
Date (date woke up on)
Time of retiring to bed (e.g. 23:05 h)
Time of trying to sleep (e.g. 23:15 h)
How long it took to fall asleep (minutes)
Number of night awakenings
The total duration of night awakenings (minutes)
Time of waking 
Time of getting up
Sleep quality rated on a scale of 1-9 (1 best ever sleep, 9 worst ever sleep)
Subjects were also asked to wear a monitor on their non-dominant wrist, which 
measures light exposure and motor activity (Actiwatch-L (AWL), Cambridge 
Neurotechnology Ltd., UK) for 14 days prior to the start of each study session. 
Monitoring of the subjects’ activity and light exposure ensured that they were 
complying with the protocol. Subjects were requested to come in and see an 
investigator five days before the study session, when they had been wearing the AWL 
for a week, to download the data. If any subject had not kept the required schedule 
then they would not have been allowed to take part in the study. No subjects had to 
be excluded on this basis.
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2.3 EXPERIMENTAL PROTOCOL
2.3.1 Study design
The study was carried out in the Clinical Investigation Unit (CIU), AX 00 17, School 
of Biomedical and Molecular Sciences, University of Surrey, Guildford, UK. The 
CIU has telephone, sleeping and toilet/shower facilities and is temperature and light 
controlled. Subjects were required to remain in the CIU throughout the study and 
during this time they were constantly supervised by researchers.
Each study session (study leg) lasted 4 days (18:00 h day 1 - 10:00 h day 4) and 
circadian phase was assessed during each of the three ‘study night’ periods (18:00 h 
until 12:00 h the following day). Night one (Nl) was baseline assessment 18:00 h day 
1 -  12:00 h day 2), night 2 (N2) (18:00 h day 2 -  12:00 h day 3) included the light 
stimulus (07:15 -11:15 h, day 3) and night three (N3) was for post stimulus 
assessment (16:00 h day 3 -  10:00 h day 4). A diagrammatic scheme of the study 
design is shown in Figure 2.1.
Subjects entered the CIU at 17:00 h on day 1 and had an indwelling cannula inserted 
into one arm under local anaesthetic by a qualified nurse or doctor. Throughout the 
study subjects wore a rectal temperature sensor (Squirrel temperature loggers, Grant 
Instruments, Cambridge, UK). The environmental lighting levels in the CIU were 
maintained at <8 lux: 2 lux in the angle of gaze and 5 -  7 lux when looking directly at 
the overhead lights. The light irradiance was measured using a powermeter calibrated 
using standards whose accuracy is traceable to the National Physical Laboratory (NPL 
Certificate No. 120R11/921011/D18) (Macam Photometries Ltd., Livingston, 
Scotland).
On each study night (18:00 h until 12:00 h the following day) the subjects’ posture 
was controlled to minimise any postural effects on melatonin and core body 
temperature (18:00 -  23:00 h and 07:00 -  12:00 h semi-recumbent; 23:00 -  07:00 h 
sleep period, supine and wearing eye masks (0 lux)). During this time (18:00 -  
12:00 h) blood samples were taken, via the indwelling cannula, every 30 - 60 minutes 
(Figure 2.2). While subjects were restricted to the semi-recumbent position they were 
provided with equipment to urinate in situ but were allowed to get up and go to the 
toilet to defaecate, providing that this was not during the 30 minutes before a blood
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sample. For the 16:00 h and 17:00 h samples on days 2 and 3, which occurred during 
the free time period in the CIU (Figure 2.1), subjects were requested to remain semi- 
recumbent for 15 minutes before the sample was taken to minimise any postural 
effects.
During the time when subjects were awake they were allowed to read, watch 
television, listen to music, talk to each other and had knowledge of clock time. The 
only time that the television was not allowed on was during the light pulse. From 
12:00 until 17:45 h each day subjects were allowed to relinquish the constant posture 
during which time they could use the shower and choose their activity within the unit.
Breakfast, lunch and supper were provided at 07:00, 12:00 and 18:00 h respectively. 
Subjects could choose their meals from a selection provided but were required to eat 
identical breakfasts, lunches and suppers on all days of the study session so that 
calorific intake was controlled and the same on each day. Subjects could select 
different foods from each other but this inter-individual variation was minimised by 
only offering meals with similar macronutrient content. Water and non-caffeinated 
drinks were available ad libitum throughout the study. Breakfast had to be eaten by 
07:15 h on each day of the study.
2.3.2 Blood sampling
Blood samples were taken every 30-60 minutes on each of the 3 study nights (18:00h 
until 12:00 h the following day). The sampling schedule is shown in Figure 2.2. The 
sampling schedule was modified after legs 1 and 2 with the half hourly sampling 
beginning later at 20:00 h instead of 19:00 h, and continuing until 02:00 h instead of 
24:00 h. This was to improve the resolution on the rising limb of the melatonin 
profile. The blood samples (4 ml) were collected in lithium-heparin tubes and 
separated by centrifugation immediately after collection (3000 rpm for 10 minutes). 
The plasma samples were then stored at -20°C until they were assayed.
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2.3.3 Light pulse
At the end of the second night (i.e. day 3), immediately after habitual wake time 
(07:00 h), the subjects were exposed to a randomly assigned 4-hour light pulse from 
07:15 -11:15 h, timed to induce phase advances. Two different light exposure 
regimes and equipment were used in the short wavelength light study (Chapter 4) and 
the spectral sensitivity studies (Chapter 5), respectively. Both methods utilised an 
intermittent light pulse and when subjects were looking away from the light source 
they were allowed to read. They were allowed to listen to music on personal stereos 
throughout the light exposure.
In the short wavelength light study (Chapter 4) the light levels were stepped up over 
15 minutes, beginning at 07:00 h, to facilitate retinal adaptation and during this time • 
the subjects ate breakfast and were advised not to look directly at the light source.
The 4-hour pulse began at 07:15 h and during this time the subjects were instructed to 
alternate their gaze every 6 minutes, timed by the investigator, from looking directly 
at the light source (90°) to lowering their heads (20° angle to the light) during the light 
exposure. The spectral composition of the light was therefore the same throughout 
the 4-hour light pulse but the intensity varied according to the position of the head.
The amount of light received by the subjects in each condition is calculated in 
Chapters 3 and 4.
In the spectral sensitivity studies (Chapter 5) the intermittent light pulse consisted of 
10 minutes of the specific wavelength light alternated with 5 minutes in the dim 
environmental lighting of < 8 lux.
2.3.4 Assessment of mood and alertness
In the spectral sensitivity study the acute effects of light on mood and alertness were 
assessed using four 9-point mood scales and the Karolinska sleepiness scale (KSS). 
The KSS is a measure of sleepiness that has been validated with objective measures of 
sleepiness (Âkerstadt and Gillberg, 1990).
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Mood scales:
1 is very alert, 9 is very sleepy 
1 is very cheerful, 9 is very miserable 
1 is very calm, 9 is very tense 
1 is very depressed, 9 is very elated
Karolinska sleepiness scale:
1 -  Very alert, 3 -  alert, normal level, 5 -  neither alert nor sleepy, 7 -  sleepy but no 
effort to stay awake, 9 -  very sleepy, great effort to stay awake.
Subjects were asked to rate their mood every 30 minutes from 07:15 h until 11:15 h 
and then at 11:30, 11:45 and 12:00 h on the mornings of day 2 and 3 (i.e. at the end of 
nights 1 and 2, respectively). On day 3 the first mood ratings at 07:15 h were 
recorded before the light stimulus began. The acute effects of light on alertness and 
mood were assessed by comparing day 2 and 3 (without light and with light) and by 
comparing the day 3 values in the different wavelengths of light (spectral sensitivity).
2.3.5 Measurement of pupil diameter
To assess the effect of duration of light exposure and/or light wavelength on the 
response of the pupil an additional short experiment was carried out.
2.3.5.1 Protocol
Subjects sat in a semi-recumbent position with the light visor (described in section 
2.5.2) fixed in front of their heads with a small video camera (Sony, Berkshire, UK) 
attached to the top of the visor that was focussed on one of the subject’s eyes. The 
background lighting was the same as was used in the phase advance protocol (section
2.3.1): less than 2 lux in the angle of gaze. Subjects remained in the dim 
environmental light for at least 30 minutes prior to the start of the experiment in order 
to ensure that their eyes were dark-adapted. A baseline measurement of the pupil was 
recorded for 3 minutes. The light was turned on for 10 minutes whilst recording 
continued and then the light was turned off and recovery was recorded for a further 3 
minutes. Every wavelength of light used in the spectral sensitivity study was tested in 
each subject (n = 4) in a single study session with at least 30 minutes between each
Chapter 2 Methodology 131
light exposure to ensure that the eye was dark-adapted before the start of the light 
exposure.
The pupil response was measured by designating the pupil diameter and pupil area at 
baseline as 100% and then measuring the diameter and calculating pupil area, every 
minute during the light pulse and in the recovery period as a percentage of baseline. 
In addition to the spectral sensitivity assessment the response of the pupil in the first 
10-minute light exposure period of each hour of the 4-hour pulse was also measured.
2.4 LIGHT MEASUREMENTS
The biological effectiveness of a light pulse depends on the number of photons 
administered and therefore the energy of a light stimulus should be expressed in 
photon flux. Equal numbers of photons must be administered of different 
wavelengths of light in order to compare their effectiveness at eliciting a response.
2.4.1 Calculations of photon flux
The conversion of irradiance (pW/cm2) into photon flux for a light stimulus of a 
specific wavelength (B) uses the following equation:
Photons/cm2/sec = irradiance (pW/cm2) / energy of 1 photon of wavelength B 
The amount of energy in one photon (E) can be calculated as:
E = hn
h is Planck’s constant (6.626 x 10"34 W/sec2)
(W is Watts)
n is the frequency of the wave (n = c/X)
(c is the speed of light in a vacuum 3 x 1017 nm/sec and X is the light wavelength in 
nm)
Therefore, to calculate the number of photons in a 10 pW/cm2 light stimulus of 500 
nm the following calculations are used:
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The energy of 1 photon of 500 nm light 
= (6.626 x 10*34 W/sec2) x ((3 x 1017 nm/sec) / 500 nm)
= 3.976 x 10"13 jiW/s2/photon
The number of photons in 10 pW/cm2 
= (10 jaW/cm2) / (3.976 x 10'13 pW/sec2/photon)
= 2.52 x 1013 photons/cm2/sec
This value can then be used to calculate the number of photons administered in a light 
pulse of a given duration. For example in a 4-hour monochromatic intermittent light 
pulse (500 nm) of 10 minutes monochromatic light alternated with 5 minutes dim 
light the total number of seconds of monochromatic light is:
60 x 10 x 4 x 4 = 9600 secs
number of secs number of secs"*" number of secs number of secs
in 1 minute in 10 minutes in 1 hour in 4-hours
Therefore the total number of photons delivered in the 4-hour intermittent light pulse 
= 2.52 x 1013 photons/cm2/sec x 9600 secs
2.4.2 Monochromatic light
Monochromatic light is narrow spectrum light with energy only at a single, specific 
wavelength (Wandell, 1995). In these current studies interference filters were used to 
administer the monochromatic light (Coherent Ealing Europe Ltd., Watford, UK). 
These filters produce high quality monochromatic light using an arrangement of 
highly reflective surfaces, which ensure that only a narrow band of wavelengths are 
transmitted. They are made by successively evaporating dielectric and silvered films 
on glass. Interference filters are defined on the basis of their wavelength of maximum 
transmission ( X m a x )  and on the basis of their half-maximal bandwidth (AX)o.5 
(reviewed in Foster and Lucas, 2000) (Figure 2.3). It is important that the incident 
light strikes the filter at 90° to the surface as the angle of incidence of the light falling 
on these filters modifies their transmission spectra. In addition, the mirrored filter 
surface should face the light source.
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2.4.2.1 Calculating the photon density in each light pulse
All light irradiances were measured using a powermeter calibrated using standards 
whose accuracy is traceable to the National Physical Laboratory (NPL Certificate No. 
120R11/921011/D18) (Macam Photometries Ltd., Livingston, Scotland). The 
irradiance measurements were then converted into photon flux (section 2.4.1).
The monochromatic filters were provided with a transmission spectrum (Coherent 
Ealing Europe Ltd., Watford, UK). The percentage of light transmitted at 5 nm 
intervals was calculated and then converted to actual transmission so that the total 
percentage of light transmitted equals 100 % e.g. 1.5 % at 455 nm, 60 % at 460 nm 
and 2 % at 465 nm becomes 2.4 %, 94.5 % and 3.1 %, respectively. For a given 
irradiance the number of photons at each 5 nm wavelength was calculated, as 
described in section 2.4.2, and then multiplied by the actual transmission percentage 
to give a value of photons/cm2/sec. The total number of photons administered was 
calculated by summing the photons/cm2/sec transmitted at 5 nm intervals e.g. for a 
460 nm filter the total number of photons transmitted at 455, 460 and 465 nm was 
added together.
The spectral power distribution of the white light pulse and the short wavelength light 
pulse, used in the short wavelength light study, were measured with a 
spectrophotometer (Spectrascan 650 portable, Photoresearch, Chadsworth, CA, USA). 
Area under the curve analysis was used to determine the percentage transmission at 
each wavelength and then the method described above was applied to the profile in 
order to calculate the number of photons administered.
2.5 LIGHT EQUIPMENT
2.5.1 Short wavelength light study
This study used 3 different light exposures: bright white light, dim white light and 
dim short wavelength light. The light source was a light box (Outside-In Ltd., 
Cambridge, UK) fitted with 6 fluorescent bulbs (Sylvania CF - LE55W/835, 27916 
energy saver Lynx). The light box (30 cm high x 75 cm wide x 15 cm deep) was 
fitted with a UV filter and a diffuser, which ensured uniform irradiance. Light 
administration involved one light box being placed on a table, which was wheeled 
over the bed of each subjects who was in a semi recumbent position (Figure 2.4.1).
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Figure 2.4.1. Light being administered to subject in Short Wavelength study
Figure 2.4.2. Glasses fitted with monochromatic filters used in Short Wavelength 
study. For details see Section 2.5.1.
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For the low intensity short wavelength light pulse (8 lux, 28 p.W/cm2, 6.21 x 1013 
photons/cm2/sec) subjects (n=8) wore specially designed glasses (Premiere Optical 
Services, Clacton-on-Sea, UK) with interference filters (50.8mm2) (Coherent Ealing 
Europe Ltd., Watford, UK) slotted into the lens space (Figure 2.4.2). For the bright 
white light pulse (12 000 lux, 4300 pW/cm2, 1.15 x 1016 photons/cm2/sec) subjects 
(n=4) wore the glasses without filters. In the dim white light condition (< 8 lux, <1.6 
|iW/cm2) subjects (n=3) were exposed to CIU lighting conditions for the 4 hour 
period. All light measurements are in the direction of gaze unless otherwise specified. 
It was not possible to calculate the number of photons in the dim white light condition 
as the power distribution of the overhead lighting was not available. During this light 
condition the subjects were asked to gaze directly in front of them throughout the 
4-hour light pulse.
2.5.2 Spectral sensitivity study
Light exposure involved subjects placing their heads in a specially designed visor, 
which had a monochromatic light mounted on the back wall (Figure 2.5.1). The visor 
was mounted on a metal pole that was attached to the side of the bed with a G-clamp 
and wooden block. This allowed subjects to move the visor towards their face for the 
10 minute light exposure and then push the light away (90° rotation) for the 5 minute 
dim light period.
The light source was a PL900 illuminator light box fitted with a 150W quartz halogen 
light bulb (Dolan Jenner Industries, Lawrence, USA) (Figure 2.5.2). A fibre optic 
cable (Edmund Optics, UK) was connected from this light box to the back of the visor 
where a monochromatic filter (12.7 mm diameter) (Coherent Ealing Europe Ltd., 
Watford, UK) was mounted, so that the light hit the filter at a 90° angle (Figures 2.5.3 
and 2.5.4). A single layer of diffuser paper was placed inside the visor, in front of the 
filter, to disperse the light uniformly. The irradiance of the light was adjusted using 
Kodak Wratten neutral density filters (Richard Frankfurt, Croydon, Surrey, UK) 
placed between the monochromatic filter and the diffuser paper. Four different 
wavelengths and two different photon densities were studied over 8 study legs (Table
2.1). Which subject received which wavelengths and intensities is shown in 
Appendix 5.
Figure 2.5.1. Monochromatic light being administered to a subject.
Figure 2.5.2 The light source. PL-900 tungsten light box.
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Figure 2.5.3. The fibre optic cable entering the back of the light visor at a 90° angle.
Figure 2.5.4. The fibre optic cable entering the back of the light visor at a 90° angle 
to the monochromatic filter.
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Table 2.1. Summary of the number of subjects studied at each wavelength and photon 
density in the spectral sensitivity study.
Wavelength (nm) 2.32 x 10^ 6.21 x 1013
photons/cm2/sec photons/cm2/sec
420 7
440 6 8
470 8
600 2 10
2.6 ANALYSIS OF CIRCADIAN PHASE MARKERS
Two reliable markers of the clock were chosen to assess whether a phase shift had 
occurred: plasma melatonin and core body temperature. Two markers were used so 
that the maintenance of their phase relationship following a phase shift could be used 
as confirmation that a ‘true’ phase shift had occurred. On a practical basis it is 
important that one marker should not be dependent upon sample collection in case 
obtaining blood samples becomes problematic. Analysis of all melatonin and 
temperature data was done blind to the light condition.
2.6.1 Radioimmunoassay
Radioimmunoassay (RIA) is a technique that is used to measure the level of a specific 
antigen in a sample. A known amount of radiolabelled antigen and a known amount 
of antigen-specific antiserum are added to the sample. Competition between the 
antigen and radiolabelled antigen for the limited number of binding sites on the 
antibody occurs. After an incubation period the bound and unbound antigen are 
separated using either a specific second antibody or a non-specific system such as 
dextran-coated charcoal that binds small molecules, which will include the unbound 
antigen but not the larger antigen-antibody complex. The radioactivity in the bound 
or unbound fraction is then measured and compared against a standard curve with 
known concentrations of the antigen. In this way the concentration of the antigen in 
the sample can be determined by extrapolation.
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The RIA for melatonin in plasma and aMT6s in urine are performed in a similar 
manner. All tubes are set up in duplicate to ensure reliability. The standard curve, 
against which the samples are measured, is constructed fresh for each set of samples. 
The standards are made up in an antigen-free matrix, which must be the same as the 
samples i.e. for the plasma melatonin RIA the standards are made up in melatonin- 
free plasma. The same matrix is used so that if there are any substances present in the 
samples that interfere with the binding, they will also be present, have a similar effect 
and hopefully be accounted for in the standard curve. The zero point on the standard 
curve is set up in quadruplicate as this is the anchor point for the whole standard curve 
and must be as reliable as possible.
Quality control (QC) samples were included in all assays to assess intra-assay and 
inter-assay variation and these are treated in exactly the same way as the other 
samples. The QC samples contain known concentrations of the antigen, in the matrix 
being measured, and a range of QCs (low, medium and high) is used that 
encompasses the range of antigen concentrations being measured. A low, medium 
and high QC (in duplicate) is placed at the start and the end of the samples to be 
assayed. Comparison of the QC values at the start and the end of the assay is used to 
ensure that there is no assay drift (variation in measured values due to reagents not 
being added at the same interval to all tubes and subsequent variable incubation 
times). Comparison of the start QC values between assays can be used to ensure there 
is minimal inter-assay variation and that the assay results are reliable.
Non-specific binding tubes are always set up which do not have antibody added to 
them but otherwise are treated the same as all the other tubes. Any binding of the 
antigen in these tubes will be due binding factors other than the antibody. This non­
specific binding should be less than 5%. Duplicate total tubes are also set up 
containing only the radiolabelled antigen. They give a measure of the total 
radioactivity available in each tube of the assay.
2.6.1.1 RIA of plasma melatonin
The melatonin concentrations in the plasma samples were measured using a direct 
RIA described by Fraser et al. (1983). All the samples for one subject for one study 
leg were assayed on the same day using the same reagents. The sequence of the
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samples in the assay was each time point on nights 1, 2 and 3 followed by the next 
time point on nights 1, 2 and 3, e.g. 18:00 h N l, 2 and 3 followed by 19:00 h N l, 2 
and 3 etc. This was to minimise the effect of any assay drift and allow direct 
comparison of the melatonin values at each time point. Ideally all the samples for one 
study session for one subject should be analysed in one assay but due to the large 
number of samples taken in one session (n = 75) the samples were sometimes split 
into two assays (at the 02:00 h samples) to minimise assay drift.
The standard curve, made up freshly for each assay in affinity stripped melatonin-free 
plasma (Stockgrand Ltd., University of Surrey, UK), was set up in duplicate with a 
total volume of 500 jil in each tube and had standards of the following concentrations: 
0, 5, 10, 25, 50, 100, 200, 500 pg/ml. The non-specific binding tubes contained 500 
(j.1 of melatonin free plasma and 200 pi Tricine buffer (0.1M Tricine (product no 
T0377, Sigma Chemical Co. Ltd., Poole, Dorset) (pH 5.5) with 0.9% NaCl and 0.1% 
gelatin). The total tubes contained 1200 pi of Tricine buffer. Duplicate tubes of 
500 pi of all samples and QCs were set up.
A fresh working anti serum solution (G/S/704-6483, Stockgrand Ltd., University of 
Surrey, UK) was made up with a dilution factor of 1:4000 in Tricine buffer.
Antiserum solution (200 pi) was added to the standards, samples and QCs. The tubes 
were then vortexed and incubated at room temperature for 30 minutes.
A working solution of tritiated melatonin (lOOpl) was added to all tubes (totals,
NSBs, standards, samples and QCs), vortexed and left to incubate at 4 °C for 18 
hours. Tritiated melatonin (3H) (product no TRK-798, Amersham International Ltd., 
Buckinghamshire, UK) was stored as an intermediate dilution of 20 pi stock to 2 ml 
absolute ethanol. The working solution was freshly prepared by diluting the 
intermediate stock with Tricine buffer so that 100 pi of solution contained 
approximately 4000 cpm.
After 18 hours the antibody bound melatonin fraction was separated from the free 
melatonin fraction using dextran-coated charcoal made from activated charcoal 
(product no. C5260, Sigma Ltd.) suspended at 2% (w/v) in Tricine buffer with dextran
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(0.02%) (product no. D1390, Sigma Ltd.) and stirred for at least an hour at 4 °C. The 
dextran-coated charcoal was stirred continuously for 30 minutes before use and then 
100 ill was added to all the tubes, except the totals. All tubes, except the totals, were 
then centrifuged at 3000 rpm for 15 minutes.
For each tube all the supernatant was decanted into a scintillation vial and then 4 ml 
of scintillation fluid was added to each vial. The scintillation fluid was composed of
2.5 litres toluene (Sigma Chemical Co. Ltd., Poole, Dorset) containing 12.5 g 2,5- 
diphenyloxazole (PPO) (Fisons, UK) and 0.75 g l,4-bis-[2-(5- 
phenyloxazolyl)]benzene (dimethyl- (POPOP)) (Fisons, UK). The vials were then 
shaken at room temperature for one hour in order to extract the 3H-melatonin into the 
organic phase. The radioactivity in the vials was then measured using a p-counter 
(Wallac, Milton Keynes, UK) and the melatonin concentration was determined by 
comparing the radioactivity in the samples to the radioactivity in the standards of 
known concentrations plotted as a standard curve.
2.6.1.2 RIA of urinary aMT6s
The aMT6s levels in urine were measured using the RIA described in Arendt et al., 
(1985) and modified by Aldhous and Arendt, (1988). This assay uses iodinated 
aMT6s and a dextran-charcoal separation system. In this case it is the unbound 
aMT6s fraction, precipitated with the charcoal that is counted in a gamma counter.
The standard curve, made up freshly for each assay in charcoal-stripped urine (1:250 
in Tricine buffer), was set up in duplicate with a total volume of 500pl in each tube 
and had standards of the following concentrations: 0, 0.5, 1, 2, 4, 7, 10, 20, 50 ng/ml. 
The non-specific binding tubes contained 500 pi of charcoal stripped urine (diluted 
1:250) and 200 pi Tricine buffer. The urine and QC samples were diluted 1:250 with 
tricine buffer and then 500 pi of diluted sample was pipetted into duplicate tubes.
A fresh working anti serum solution (G/S/l 118-23884, Stockgrand Ltd., University of 
Surrey, UK) was made up with a dilution factor of 1:20 000 in Tricine buffer. This 
antiserum solution (200pl) was added to the standards, samples and QCs. The tubes 
were then vortexed and incubated at room temperature for 30 minutes.
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A working solution of iodinated aMT6s (Stockgrand Ltd., Guildford) (IOOjjI) was 
added to all tubes (totals, NSBs, standards, samples and QCs), vortexed and left to 
incubate at 4 °C for 18 hours. 125I-aMT6s stock solution was prepared by Stockgrand 
Ltd. and the working solution was freshly prepared by diluting this stock with Tricine 
buffer so that lOOpl of solution contained 8000 - 10000 cpm.
The antibody-bound aMT6s fraction was separated from the free fraction by adding 
100 pi of dextran-coated charcoal (stirred for 30 minutes before use) to all tubes, 
except the totals, and incubating the tubes for 15 minutes at 4 °C. The tubes were 
then centrifuged at 3500 rpm at 4 °C for 15 minutes and the supernatant was decanted 
over a mesh and discarded. The non-antibody bound fraction in the charcoal pellet 
was counted in a gamma counter (Wallac, Milton Keynes, UK) and the aMT6s 
concentration in the samples was determined by extrapolation from the aMT6s 
standard curve.
2.6.2 Calculating melatonin phase markers
The melatonin profile is considered to be one of the most reliable phase markers of 
the clock (section 1.4.1.4). Melatonin is normally sampled under dim light conditions 
in order to minimise any masking influences of light. A number of points on the 
profile can be used as phase markers including melatonin onset, acrophase (peak time 
of secretion), melatonin offset and Synoff (time of melatonin synthesis off). These 
markers can be influenced by the amplitude of the melatonin rhythm and also by the 
method of calculation. DLMO (dim light melatonin onset) is frequently used for 
practical reasons: it precedes sleep, and it is also thought to be least affected by 
biochemical and physiological processes (Lewy, 1983).
However, the most appropriate phase marker to use to assess the response of the clock 
may depend on the stimulus and the phase at which it is administered. In addition the 
marker must be able to track changes in shape or amplitude of the melatonin rhythm. 
A number of melatonin phase markers have been used in the current study and the 
calculation of these is described in the following sections. DLMO has a very precise 
definition (Lewy, 1983) and therefore the terms melatonin onset and offset are used to 
describe the markers used in the current studies.
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2.6.2.1 Mid-range crossing (50%) method
This method utilises a baseline average melatonin concentration (in the current study 
average of values between 18:00 and 20:00 h) and an average of the three highest 
melatonin concentrations observed in each individual profile. The midpoint between 
these averages is calculated ((baseline + maximum)/!) and this is taken to be the 
concentration of melatonin (x) at the melatonin onset and offset. The timing of this 
melatonin concentration (x) on the rising limb of the melatonin profile is melatonin 
onset and on the downward limb is melatonin offset. As this method is using 50% 
levels to define melatonin onset and offset these phase markers will be referred to as 
MelonS 0% and Meloff50%.
For example, if the Melon50% value (x) is 36.7 pg/ml then from the data (melatonin 
levels (pg/ml) and associated clock time) it is possible to work out which time period 
this value occurs in. For example, if the melatonin concentration is
31.5 pg/ml at 21:30 h and 43.4 pg/ml at 22:00 h then Melon50% occurs between 
21:30 and 22:00 h. The change in melatonin concentrations during this time period is 
then calculated (43.4 -  31.5) as is the change in concentration per minute ((43.4- 
31.5)/30). The number of minutes after the start of this time period that the 
Melon50% melatonin level (x) occurs is calculated as follows:
No. of mins = Melon50% melatonin level (x) - lowest melatonin cone in time period
Change in melatonin cone/minute
In this example: 36.7 -  31.5 = 13 minutes
(43.4-31.5)/30
The number of minutes is then added onto the time at the start of the period to give 
the time at which the Melon50% occurs. Therefore, in this example, the melatonin 
onset occurs at 21:43h.
Meloff50% is calculated using the same method of calculation and the timing of the 
acrophase is calculated as the midpoint between the Melon50% and MelofF50% times.
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2.6.2.2 25% method
This method of calculating melatonin onset and offset is similar to the mid-range 
crossing method (section 2.6.2.1) except that the phase markers are defined as 
occurring at 25% between the baseline and peak levels. Therefore melatonin onset is 
defined as Melon25% and melatonin offset as Meloff25%.
Baseline and maximum levels are calculated as before (section 2.6.2.1) and then the 
25% value (y) is calculated as follows:
y = (0.25 x (Average maximum -  average baseline)) + average baseline
This y value is the Melon25% and Melofï25% value and is substituted for x in the 
equations described in 2.6.2.1 to calculate the time that Melon25%, MelOff25% and 
the acrophase occurs. i
2.6.2.3 Twice baseline method
The melatonin onset/offset value (z) is defined as twice the average baseline value, or 
twice the limit of detection of the assay, and then z is substituted for x in the equations 
described in 2.6.2.1.
The main problem with this method is that it does not take account of amplitude such 
that a twice baseline value on a low amplitude rhythm may represent a very different 
phase compared to a high amplitude rhythm. If the amplitude of the rhythm varies 
from day to day then any changes in the timing of the marker between days may be 
due to this variable amplitude and not a change in the clock. In addition, due to the 
protocol and sampling schedule used in these studies (Figures 2.1 and 2.2), and the 
fact that the twice baseline value (z) is quite low, the z value may not be reached by 
the time sampling ends and therefore it is not possible to calculate the melatonin 
offset marker.
2.6.2.4 Cosinor analysis
The melatonin acrophase was calculated by fitting a sine wave to the data (software 
from Dr D.S. Minors, University of Manchester, UK). This analysis is not necessarily 
entirely appropriate as the plasma melatonin rhythm is often not a sine wave and
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visual examination of the data suggests that the calculated acrophase time is not 
representative of the data. However, using this method it is also possible to calculate 
the amplitude of the rhythm, which can be used as a marker for the effects of light on 
the clock. Amplitude was calculated by cosinor analysis as this method takes the 
entire profile into account which should provide a more accurate assessment of 
amplitude than simply calculating the difference between the maximum and minimum 
levels.
2.6.2.S Synoff
Synoff is a phase marker that describes the point at which melatonin synthesis is 
switched off. The SynOff was estimated by an algorithm (unpublished) devised by 
Michael Term an, Ph.D., of Columbia University. This is a theory-free descriptive 
approach, in the sense that it uses no modelling parameters to reflect hypothesised (or 
known) mechanisms of melatonin production and instead is based on extensive raw 
data sets from multiple laboratories. These data sets indicate that there is an abrupt 
cessation of pineal melatonin secretion toward the end of the subjective night, 
followed by a monotonie decline in plasma concentration lasting several hours. This 
washout curve is well described by a simple two-parameter exponential decay to zero, 
of the form y = ae-bx, where y = melatonin concentration (pg/mL), x = time of 
sample, a = melatonin concentration at the endpoint of nocturnal secretion, and b = 
the rate of washout.
In the current study hourly melatonin levels (pg/ml) between 22:00 and 12:00 h were 
used. The data were log 10-transformed to allow a linear curve fit to the washout 
function. If data were missing at the extremes of the time range, or if a sample was 
missing in the central data set, then values were extrapolated by linear regression.
Two sets of linear regressions (“pre” and “post”) were then iteratively fitted to the 
data, using candidate SynOff points throughout the data range beginning at 02:00 h 
and ending at 11:00 h. The algorithm looked separately at 4 h on either side of the 
test point, and computes the slope of the fitted curves (parameter a of the equation y = 
ax + b) and the difference between them (apost -  apre). The maximum slope 
difference in the set was chosen to indicate the 1-h interval straddling the SynOff, i.e., 
the region in which melatonin concentration begins its exponential descent. The two
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regression lines were then extrapolated to their intersection, and the SynOff was 
estimated to the nearest 0.05 h (3 min).
2.6.3 Temperature rhythms
Temperature rhythms are subject to many masking influences (see section 1.4.4) and 
so are not considered as reliable as melatonin as a phase marker of the clock. 
Therefore phase changes may not be seen in the temperature rhythms or the changes 
may not be as large as in the melatonin rhythm or may be more variable.
Core body temperature was assessed continuously every minute throughout the time 
in the CIU by constant-wear rectal probes (Squirrel temperature loggers, Grant 
Instruments, Cambridge, UK). The data points recorded when subjects removed the 
probe whilst showering or in the toilet were edited out of the temperature profile. The 
temperature data recorded were then analysed to determine the temperature minimum 
(Tmin) (nadir of the temperature rhythm) and this was used as a phase marker.
The raw data obtained could not be directly analysed as the temperature is only 
recorded every minute and the values are rounded to one decimal place, which 
produces a ‘stepped’ profile. The raw data was thus converted into hourly moving 
average data e.g. the raw data between 17:00 and 17:59 h is averaged and this average 
temperature is plotted at 17:30 h.
When analysing the temperature data a number of masking factors had to be 
considered. Posture was not controlled between 12:00 and 18:00 h each day and 
subjects ate at 18:00, 12:00 and 07:00 h each day. Thus only data between 19:00 - 
06:59 h was used in the analysis. Initially 4 methods of analysis were used which are 
described below.
2.6.3.1 Mid range crossing
This is essentially the same method as used to analyse the melatonin data (section
2.6.2.1) except that the temperature rhythm is inverted compared to the melatonin 
rhythm. Therefore an average minimum value (average of the 5 minimum 
temperature values) and an average maximum value (average of the 5 maximum 
values after 19:00 h) were calculated and from these a 50% value was obtained. This
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50% value occurs on the upward and downward limbs of the profile and the Tmin was 
calculated as the midpoint between the times of the 50% value.
2.6.3.2 Ten lowest values
This method calculates Tmin by averaging the times that the 10 lowest temperature 
values occurred each night between 19:00 and 06:59 h. Firstly the data for each study 
night is arranged chronologically with the temperature values lined up against the 
corresponding time at which they occurred. The data was then rearranged in 
ascending order of the temperature values so that each temperature value is listed with 
the range of times of day that it occurred. For each of the 10 lowest temperature 
values all of the times associated with a particular temperature value are averaged.
This results in 10 average time values which are themselves averaged and this 
resulting time is when the Tmin occurs.
2.6.3.3 Cosinor analysis
The Tmin can be calculated by cosinor analysis, which fits a cosine curve to hourly 
values of the core body temperature rhythm (software from Dr D.S. Minors,
University of Manchester, UK).
2.6.3.4 Demasking temperature data
It is also possible to ‘demask’ the temperature data in an attempt to remove masking 
influences. Different masking influences will affect the temperature rhythm at 
different times of day and the demasking method takes account of this variation. A 
pre-determined factor, specific to the time period and therefore relating to the 
masking influences present at these times, was added to each hourly temperature 
value (Folkard, 1989). This demasked data was then subjected to cosinor analysis.
2.6.3.5 Assessing the acute effects of light on temperature
Light has been shown to have an acute elevating effect on core body temperature. It 
is possible to assess this effect during the 4-hour light pulse administered at the end of 
day two (07:15 -  11:15 h). Two methods of analysis were used:
a) The slope of the rising limb of the temperature profile for each 30-minute interval 
between 07:15 and 11:15 h was calculated.
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b) Area under the curve was calculated between 07:00 and 12:00 h using the 
trapezoidal rule, whereby the curve is divided into a series of trapezoids whose 
areas are calculated and then summed to give the area under the curve. The 
formula for the area of a trapezoid is : (A  + B) x H
2
(Where A is the temperature value at timepoint 1, B is the temperature value at 
timepoint 2 and H is the height of the trapezoid, which in this case is the time interval 
between timepoints 1 and 2).
For each individual the data from day 2 (07:00 -  12:00 h) (in dim environmental 
light) was compared to day 3 (07:00 -  12:00 h) (during the light pulse) to see if there 
was an acute effect of the light.
2.6.4 Calculating phase shifts
To calculate whether there has been a phase shift in response to the light stimulus 
presented at the end of night 2 the phase markers on night 3 (post-stimulus assessment 
night) need to be compared to an unadulterated baseline. As the pacemaker is 
expected to exhibit a daily ‘drift’ under the constant dim lighting conditions, 
consistent with a human tan of approximately 24.2 h in sighted volunteers (Czeisler et 
al., 1999), then it may seem more appropriate to compare night 3 markers to night 2 
markers, whilst using night 1 and 2 comparisons to assess if a drift has occurred in the 
dim light condition.
The acute suppressive effect of light on melatonin means that it is not possible to use 
melatonin offset on night 2 as the light exposure (07:15 until 11:15 h) could suppress 
melatonin so that the melatonin offset appears to occur earlier than it actually does. 
However, by 07:15 h melatonin synthesis is not maximal and therefore the 
suppressive effects of light would not be as dramatic as if it had been administered 
earlier in the night during the peak of melatonin production. However, the light pulse 
may still alter the melatonin decline in some way so that it is not possible to use night 
2 melatonin offset or acrophase to assess if any phase shifts have occurred on night 3. 
It is still possible to use the night 2 melatonin onset marker as this is not influenced by 
the light exposure at the end of the night. There is a similar masking problem with the 
temperature data on night 2 as light acutely elevates core body temperature. Although
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temperature data after 06:59 h was not used in the analysis, the fact that moving 
average data was being used means that any average values after 06:30 h incorporate 
data after 07:00 h which could have been acutely affected by light.
Therefore phase shifts were computed by comparing the timing of phase markers on 
night 3 to night 1. If there was a problem with night 1 data, such as missing blood 
samples, then night 2 data could be substituted if all the markers being used occurred 
before the light stimulus began at 07:00 h on night 2.
2.6.5 Calculating the CT of light administration
The magnitude and direction of a phase shift depends on the CT at which the light is 
administered. In order to be able to compare phase shifts between subjects it was 
essential to administer the light pulse at the same CT. Although this cannot be 
confirmed during the study it is possible to calculate accurately the precise CT of 
administration when analysing the results. It is possible that interindividual variation 
in response may be explained by variations in the CT of light administration and this 
is discussed in Chapter 5.
The melatonin acrophase on night 1 is defined as CT22 (Khalsa et al., 2003) and it 
was assumed that there was no drift between night 1 and 2 so that CT22 is at the same 
clock time on both nights. The actual night 2 melatonin acrophase could not be used 
to assess phase because of the potential acute effects of the light pulse at the end of 
night 2 which would affect the melatonin offset and therefore the calculated acrophase 
time. The time of administration of the light pulse is taken to be the midpoint of the 
pulse, which occurs at 09:15 h. On this basis the CT of light administration was 
calculated for each subject. For subjects participating in more than 1 study leg an 
average CT of light administration was calculated and these were used, with the single 
CT of administration for the remaining subjects, to calculate an average CT of 
administration
2.7 STATISTICAL ANALYSIS
The statistical tests used are described in the relevant chapters. The statistical 
programmes INST AT and SPSS were used to carry out the tests.
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3. PROTOCOL DEVELOPMENT AND VALIDATION -  RATIONALE
3.1 AIM
The first aim of the thesis was to design a protocol to assess the spectral sensitivity of 
the phase shifting response to light in humans. To be able to distinguish the relative 
effectiveness of different wavelengths and irradiances of light the protocol design and 
phase markers used had to be sensitive and exhibit sufficient resolution so that 
differing magnitude of phase shifts could be accurately detected.
In designing a phase shifting protocol a number of factors had to be confronted. The 
protocol itself needed to be as controlled as possible to minimise the masking of 
endogenous circadian rhythms by environmental factors (e.g. light, posture and 
meals). Other factors that had to be decided were the parameters of the phase shifting 
light pulse such as intensity, source, duration and the time of administration. In 
addition, the markers to be used to assess circadian phase needed to be chosen. Due 
to restrictions on time and facilities, for convenience to subjects and to keep costs at a 
minimum a short, robust protocol was needed. The minimum duration protocol would 
require a baseline pre-stimulus assessment day, an exposure day and a post-stimulus 
assessment day.
3.2 PROTOCOL DEVELOPMENT
3.2.1 Masking effects
In humans the state and response of the circadian clock is assessed by measuring 
clock output circadian rhythms, such as melatonin, cortisol and core body 
temperature. In order to ensure that these marker rhythms are as accurate a 
representation of the clock as possible the effects of masking must be eliminated or 
controlled or minimised. The melatonin rhythm is subject to a number of masking 
influences such as posture (section 1.4.1.6.1), exercise (section 1.4.1.6.4) and alcohol 
(section 1.4.1.6.3). Core body temperature is influenced by sleep, activity, sleep and 
meals, particularly protein (Krauchi and Wirz-Justice, 1994).
The constant routine procedure (CR) (section 1.4.1.6) was developed to try and 
eliminate or evenly distribute behavioural and environmental influences on circadian 
markers (Mills et al., 1978). The phase shifting effects of a light pulse can be 
assessed with a pre-stimulus CR followed by administration of the light stimulus and
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finally a post-stimulus CR to determine if there has been a change in phase. However, 
it was postulated that the accumulation of fatigue in the CR protocol (at least 30 hours 
without sleep) and attempts to impose a constancy of alertness and responsiveness to 
the environment could produce masking. A constant lifestyle could be seen as type 
2B masking (behavioural changes in the organism in response to abnormal 
environmental changes) (Minors and Waterhouse, 1989). In addition, it was recently 
shown that sleep deprivation alone could produce phase shifts in hamster locomotor 
rhythms (Antle and Mistlberger, 2000) and decreases in light induced phase shifts in 
mice (Challet et al., 2001) and hamsters (Mistlberger et al., 1997). Therefore the 
sleep deprivation that results from the pre-stimulus CR or during the post-stimulus CR 
could affect the response to a phase shifting light stimulus.
The CR procedure also alters the LD cycle to which the subjects are exposed and this 
change in light exposure could produce changes in phase. CRs are carried out in dim 
environmental lighting (< 15 lux) but exposure to this light across the 24-hour day 
could profoundly influence the clock. The parametric model of entrainment (see 
section 1.2.1.2) assumes that light has a continuous action on the clock and acts to 
shorten or lengthen iau. Therefore exposure to continuous light may alter the free- 
running period ( t )  and this would influence the response seen to a phase shifting light 
stimulus. In addition, light as low as 15 lux is thought to be able to produce phase 
shifts (Zeitzer et al., 2000) and it was proposed that the human pacemaker is sensitive 
to phase shifting light pulses throughout the day, although this may be an artefact of 
the protocol design (Jewett et al., 1997). Thus exposure to light at sensitive phases in 
the subjective night during a CR could also influence the clock and circadian phase.
The timing of the sleep-wake (SAV) schedule can influence the ability of a light pulse 
to phase shift circadian rhythms (Mitchell et al., 1997). When the ‘sleep in darkness’ 
period is advanced in shift workers it prevents the phase delaying action of a bright 
light pulse (Mitchell et al., 1997). A protocol commonly used is one where a CR is 
followed by an 8h:16h S/W schedule with a light pulse centred in the middle of the 
waking day. However, the timing of the SAV schedule is altered so that the light 
pulse can be presented at a range of circadian phases (e.g. Zeitzer et al., 2000). This 
altered SAV schedule could profoundly influence the response of the circadian system
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to a light pulse. This could be due to an altered LD cycle such that the dark period 
during the sleep time could act as a dark pulse and produce phase shifts or light is 
presented at a sensitive circadian phase resulting in a phase shift or alternatively due 
to direct feedback of the SAV schedule on the pacemaker. These observations suggest 
that the CR procedure and its associated sleep deprivation and altered light exposure 
regime is not ideal for assessing the phase shifting effects of light.
Meal timing and content need to be standardised during phase shifting protocols. 
Recent work demonstrated that a morning carbohydrate-rich meal for 3 consecutive 
days resulted in a phase advance of approximately an hour in core body temperature 
rhythm (Krauchi et al., 2002). This effect was not observed when the carbohydrate- 
rich meal was eaten in the evening. These results could reflect the ability of food to 
act as a zeitgeber in humans for food-entrainable peripheral oscillators and highlight 
the fact that both meal content and timing need to be considered in a phase shifting 
protocol.
The most important masking influences that need to be controlled during assessment 
of endogenous phase in humans are environmental lighting, posture, meal content and 
timing. Instead of using CR the current protocol was designed as a controlled posture 
(CP) protocol where subjects remain in a constant semi-recumbent posture during 
waking hours but are allowed to sleep in a supine posture overnight. The posture was 
controlled throughout blood sampling periods in order to minimise any masking 
effects on the phase markers. The content and timing of the meals were standardised 
and the environmental lighting was kept below 2 lux (angle of gaze)/ 8 lux (looking 
directly up at overhead lighting) throughout waking hours and at 0 lux during the 
sleep period (section 2.3). Environmental lighting was controlled at a low level so 
that there were no influences of light on the clock except from the phase shifting light 
pulse. The same routine occurred on each day of the study to control for any 
remaining masking influences. Prior to the study factors such as alcohol, medication 
and caffeine were eliminated to prevent any masking influences on the marker 
rhythms. This also ensured that any changes in the rhythms that occur in response to 
these masking factors being removed would occur prior to the start of the study 
(sections 1.4.1.6 and 2.2.4).
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3.2.2 Timing of the light pulse: advance versus delay
Within the controlled study it had to be decided when to administer the light pulse and 
whether or not the pulse should be timed to phase advance or phase delay the 
circadian system. It is known that light pulses in the early subjective night phase 
delay the circadian system whereas light pulses in the late subjective night result in 
phase advances with the crossover point in the PRC occurring near the temperature 
minimum (Tmin) (Khalsa et al., 2003). A summary of the advantages and 
disadvantages of using phase advance or phase delay protocols is given in Table 3.1.
Whether the protocol utilises a phase advance or delay light stimulus it is essential 
that the light pulse is timed to give the maximal shift possible so that subtle changes 
in the magnitude of a phase shift in response to different wavelengths or intensities of 
light can be observed. When advancing or delaying, it is important that the entire 
pulse only occurs in the region of the PRC being used e.g. if a phase advance pulse is 
used then the entire pulse should occur in the advance region of the PRC. The light 
pulse should not be timed to be too close to the crossover point as any slight variation 
in circadian phase between subjects could result in the light pulse occurring in both 
the delay and advance portions of the PRC which may give inconsistent results. The 
size of a phase shift depends on the CT of administration (section 1.2.1.1). In order to 
be able to compare phase shifts between subjects it is thus essential that the CT of 
administration is precisely known and is identical for all subjects. This ensures that 
any changes in the magnitude of the phase shift are in response to alterations in the 
parameters of the light pulse given and not due to variations in the CT of light 
administration.
The precise timing of the light pulse to produce the maximum phase shift in the 
anticipated direction should be based on previous studies that were designed to have 
the least potential masking effects. Comparisons of previous protocols and the timing 
of light exposure is difficult due to the fact that light pulses of different duration are 
used and that the time of light administration can relate to CT (which itself has 
varying definitions) or clock time (see section 1.7.2).
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The timing of the light pulse becomes further complicated by the fact that it is still not 
clear which part of the stimulus (beginning, middle or integrated) is responsible for 
eliciting a response. Classically the midpoint of the stimulus is used to define the 
phase of administration (Aschoff, 1965) (section 1.2.2) but this is essentially a 
standard phase reference point and is not necessarily defining which part of the 
stimulus is biologically effective. Therefore if all studies used this definition then, in 
theory, the results from different studies could be integrated and compared. However, 
the issue becomes complicated by the use of light pulses of different duration such 
that 4-hour and 6-hour light pulses centred at the same CT will actually begin at 
different CTs. If it is the first part of the light pulse that is eliciting the primary 
response then these light pulses are essentially administered at different CTs and will 
produce different responses (see section 1.7.5). Comparison of results from different 
studies will not be possible until the timescale over which a response occurs as well as 
the biologically relevant portion of a stimulus are identified.
Ultimately it was decided that the current protocol should use a phase advancing light 
pulse (section 2.3). Although transiency may be more pronounced with phase 
advances (section 1.2.3) and the observed phase shifts may not be as large as with 
phase delays, it was thought that there were definite benefits of an advancing protocol. 
These include the fact that there would be no sleep deprivation, with associated 
effects, and there would be less noise as there would not be the confounding problem 
of any changes in phase due to the clock free-running. This elimination o f ‘drift’ is 
particularly important when comparing the efficacy of different light pulses, so that a 
change in phase resulting from free-run is not attributed to and effect of the light 
stimulus. It was hoped that with a highly controlled protocol it would be possible to 
distinguish differential phase shifts in response to light pulses of different intensities 
and wavelengths. The fact that human tau is greater than 24-hours in both sighted 
(Middleton et al., 1996; Czeisler et al., 1999) and blind (Lockley et al., 1997) subjects 
means that humans require a daily phase advance in order to remain entrained. 
Therefore the phase advance response is likely to be the most biologically relevant 
phase shifting response to study in humans and knowledge of the spectral sensitivity 
of this response would allow entraining light stimuli to be optimised.
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A summary of results from previous phase advance and phase delay studies is shown 
in Table 1.1. As it was not possible to combine all these results to decide on the 
optimal light administration, the most reliable protocol was identified and used. To 
date the most reliable single pulse phase advance protocol that controls most carefully 
for masking from exogenous factors appears to be the PRC by Khalsa and colleagues 
(2003). This study utilised the CR procedure in dim light and a 6.7-hour light pulse 
during which subjects alternated their gaze between fixed gaze of 10 000 lux and free 
gaze of 4000 -  7000 lux. The maximum phase advance occurred when the light pulse 
was centred at CT 3 - 4  (where temperature minimum (Tmin) is defined as CT 0 and 
the melatonin acrophase as CT22) (Khalsa et al., 2003). This administration time, and 
its definition, was used in the current protocol.
3.2.3 Phase markers
During the study at least two robust markers of the clock had to be measured (section 
1.4). Plasma melatonin and core body temperature were chosen as circadian phase 
markers in this protocol. These 2 markers exhibit a tight phase relationship with the 
plasma melatonin acrophase occurring, on average, 1.9 + 0.3 hours before the Tmin 
(Shanahan and Czeisler, 1991).
Ideally a marker that does not show acute responses to light should be used so that the 
exact phase of administration can be extrapolated and confirmed after the study. 
Unfortunately the majority of phase markers are masked by acute light exposure with 
plasma melatonin being acutely suppressed (Lewy et al., 1980) and core body 
temperature acutely elevated (Badia et al., 1991) in response to light.
3.2.4 Entraining subjects to the same circadian phase
In order to compare results between subjects it is vital that all subjects receive the 
light pulse at the same circadian phase. Due to the design of the CIU where the 
studies were conducted it was not possible for subjects to receive the light pulse at 
different clock times. Therefore the subjects had to all be in the same circadian phase 
to ensure that the light pulse given at a specific clock time was at the same CT for all 
of them.
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It has been reported that there is a specific relationship between the sleep/wake (SAV) 
cycle and the circadian system such that the SAV cycle is a good predictor of circadian 
phase. Tmin occurred 1.4 ± 0.3 hours before the habitual wake time in healthy young 
men (Shanahan et al., 1997). Therefore it was assumed that subjects that keep the 
same SAV schedule should be in approximately the same circadian phase. Thus only 
subjects that kept a regular SAV schedule (going to sleep between 23:00 and 24:00 h 
and waking up between 07:00 and 08:00 h) were recruited in the current study and 
then they were required to maintain this SAV schedule for 14 days prior to the 
commencement of the study. It was hoped that this SAV schedule would maintain all 
the subjects in the same circadian phase. During the study the SAV schedule was also 
maintained to minimise any phase shifts in the rhythms when subjects were 
transferred into the different environment of the CIU. No studies were conducted 
around changes from British Summer Time to Greenwich Mean Time as this change 
in clock time could have resulted in variations in circadian phase.
3.2.5 Timing of the light pulse
If subjects woke at 07:00 h, as instructed, then, assuming the relationship between 
Tmin and wake time holds, the Tmin, defined as CT 0, should occur at approximately 
05:00 h. The light pulse was to be administered at CT 4, which would be 
approximately 09:00 h, and the SAV schedule was maintained during the study with 
subjects waking at 07:00 h. Therefore in order to administer a light pulse at 09:00 h, 
bearing in mind that the CT of administration is defined as the midpoint of the pulse, a 
4-hour light pulse was used from 07:00 -  11:00 h. Due to practical considerations, 
such as meals and blood sampling, the light pulse was actually administered from 
07:15- 11:15 h.
3.2.6 Subject selection
Only male subjects were selected due in order to avoid the influence of the menstrual 
cycle on the melatonin rhythm (see section 1.4.1.6.2). The age range of the subjects 
was restricted to between 18 and 40 years of age to minimise age-related changes in 
lens transmission (section 1.7.9.4). Increased lens density with ageing reduces the 
total transmission of radiant energy to the retina, particularly of the shorter 
wavelengths (Brainard et al., 1997). Therefore older subjects may not respond to short
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wavelength light in the same way as younger subjects due to reduced lens 
transmission which may influence which wavelengths are maximally effective.
Prior to the study subjects were asked to complete 3 questionnaires (section 2.2.1). 
The PSQI (Buysse et al., 1989) eliminated subjects with sleep disorders as they would 
have an irregular sleep-wake cycle, which could influence the circadian system and 
result in an unstable phase. The Horne- Ôstberg questionnaire (Horne and Ôstberg, 
1976) classifies people on the basis of their time of day preference. Extreme morning 
(M) and evening (E) types were not used in the study as extreme M types have been 
shown to have a very early endogenous phase (Tmin 03:50 +00:40 h) and extreme E 
types have a very late endogenous phase (Tmin 06:01 +01:14 h) (Baehr et al., 2000). 
In addition, it was shown that the phase relationship between the SAV cycle and 
endogenous phase was altered in E-types with the Tmin occurring closer to wakening 
(Duffy et al., 1999). These altered phase positions mean that such subjects would not 
be pulsed at the desired CT and the altered phase relationship means that the SAV 
cycle could not be used to predict endogenous phase in these subjects.
Subjects that were colour blind were also excluded from participation. If the cone 
photopigments do contribute to circadian photoreception then being colour blind 
could alter the subjects’ response to different wavelengths of light.
3.2.7 Pupil dilation
Pupil size is adjusted in response to changing light intensity. Freely constricting 
pupils, compared to pharmacologically dilated pupils, have been reported to attenuate 
an irradiance dependent response, such as light-induced melatonin suppression, by 
approximately 50% at high intensities (Gaddy et al., 1993). Previous studies 
investigating the spectral sensitivity of the light-induced melatonin suppression 
response utilised pharmacologically dilated pupils (Thapan et al., 2001). This was 
done to minimise the effects of individual variation in pupil size and to ensure that 
differential responses to different wavelengths of light were not attributable to an 
alteration in pupil diameter and consequently different numbers of photons entering 
the eye.
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The pupillary light reflex (PLR) is an irradiance dependent response to light and in 
rd/cl mice the response fits an opsin based photopigment with Xmax 479 nm (Lucas et 
ah, 2001) (Section 1.4.6.3.1). If the human PLR exhibits a similar spectral sensitivity 
then this could alter the number of photons reaching the retina and also the phase 
shifting response seen. However, although the PLR in rd/cl mice is described by an 
opsin-based photopigment with X,max 479 nm (Lucas et ah, 2001) the response in wild 
type mice has a much broader spectral response that can be fitted to the rod (Xmax498 
nm) or green cone (Xmax508 nm) photoreceptors. In addition, the decreased 
sensitivity of the response in the rd/cl mice of around 2.5 log units suggests that the 
visual photopigments provide the major input for this acute response. Therefore the 
PLR in sighted humans with functional visual photopigments might be expected to 
exhibit a broad spectral sensitivity that reflects the primary rod and cone control. In 
wild type mice the PLR response between approximately 450 and 530 nm was very 
similar (Lucas et ah, 2001) suggesting a contribution from a number of photopigments 
and that over these range of wavelengths it is not possible to distinguish a spectral 
effect. It is likely that a similar wavelength response would be observed in humans if 
a similar multiple photopigment control system is operating. However, in order to 
eliminate the possibility that the pupil size varied with the wavelength light a small 
pilot study investigating the spectral sensitivity of the PLR was carried out.
In the current protocol it was decided not to pharmacologically dilate the subjects’ 
pupils for a number of reasons.
Firstly, from a safety point of view, the bright white light pulses used in the protocol 
validation experiment contained a large number of photons and this occurred over a 4- 
hour period. Pupil constriction is a safety mechanism to protect the retina and dilating 
the pupils would substantially increase the number of photons reaching the retina and 
increases the potential for retinal damage.
Practically the pupil dilator that is usually employed (Tropicamide, one drop in each 
eye) would wear off over the 4-hour period and would have to be reapplied during the 
light exposure. This would mean that the pupil size during the light pulse would not 
be constant, changing as the efficacy of the dilator wore off and again when the
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dilator was reapplied. There may also be different time courses of response with 
different subjects so that the amount of light received by the retina would not only 
vary with time but also between individuals. At least if subjects had freely moving 
pupils with a normal PLR then this would be a constant response over the whole 4- 
hour period for each individual.
Finally, in humans the knowledge of which light wavelength is maximally effective 
for phase shifting the circadian clock will be able to be used in ‘real life’ situations 
such as adaptation to shift work and following transmeridian travel. The response of 
the eye and spectral sensitivity of the circadian pacemaker in the natural environment, 
or with minimal intervention, is therefore needed. If this sensitivity involves a 
wavelength dependent pupillary light reflex then this needs to be present and part of 
the phase shifting studies so that the maximally effective wavelength identified can be 
used in field situations where pupil dilators cannot be used. On the other hand the use 
of pupil dilators would remove a potentially confounding factor (pupil size) and 
would allow the nature of the circadian photopigment to be identified. However, if 
pupil dilation alters the spectral sensitivity of the response then the effective 
wavelengths identified in a study using pharmacologically dilated pupils could not be 
used in the field to treat circadian rhythm disturbances.
3.2.7.1 The spectral sensitivity of the PLR
A preliminary study was carried out to assess the PLR to the 4 wavelengths of light 
used in Chapter 5. The primary aim of this study was not to accurately assess the 
spectral sensitivity of this response but instead to determine the pupil response in the 
light administration system used in the phase advancing protocol (Chapter 5). 
Assessment of the pupil response in situ was used to determine if the phase shifting 
data needed to be corrected for changes in pupil size. If there was a large variation in 
the pupil size with the different wavelengths of light then this could have modulated 
the amount of light reaching the retina and could have contributed to the variation in 
the phase shifting response. In addition, as an intermittent light pulse was used in the 
phase advance protocol, the pupil response during each 10 minute monochromatic 
light exposure needed to be assessed. This was to ensure that there was a consistent 
response throughout the 4-hour light pulse and therefore all subjects received an equal 
number of photons. Therefore the study aimed to assess the response of the pupil in
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the light conditions used in the phase advancing protocol and was not ideally designed 
to assess the spectral sensitivity of the PLR. This PLR reflex occurs over 
milliseconds and the equipment used did not provide sufficient resolution or 
sensitivity to measure a response over this time frame. In addition the resolution in 
this study was limited and therefore any small differences in the PLR to the different 
wavelengths would not be observed.
The following hypotheses were proposed:
Ho: There will be no significant variation in pupil size with the different wavelength 
light pulses and that the pupil response would be consistent throughout the 4-hour 
light pulse.
Hi: The PLR will exhibit a spectral sensitivity and therefore the phase shifting data 
will need to be corrected for this variation in pupil size.
3.3 METHODS
Before the protocol could be used to assess the spectral sensitivity of the phase 
shifting response to light (Chapters 4 and 5) it had to be validated for a number of 
reasons:
a) To check that the maintenance of the regular SAV schedule, for 14 days prior to 
and during the time in the CIU, entrained the subjects to the same circadian phase 
so that they all received the light pulse at the same CT.
b) To ensure that factors other than the light pulse were not masking or influencing 
the circadian phase markers. This was assessed using a dim white light pulse as a 
negative control.
c) To ensure that the light pulse is appropriately timed and of sufficient duration to 
produce a phase shift in the desired direction and of sufficient magnitude. This 
was assessed using a bright white light pulse as a positive control.
The protocol design is described in detail in section 2.3.
3.3.1 Light pulses
The equipment used to deliver the light pulses is described in section 2.5.1.
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3.3.1.1 Dim white light
A dim white light pulse (< 8 lux direct gaze, < 2 lux in angle of gaze, <1.6 pW/cm2) 
was used as a negative control as light of this intensity was not expected to influence 
the human circadian pacemaker. Therefore any changes in phase or in the profile of 
the phase marker during the study would be due to environmental factors, such as 
posture, the SAV cycle, the CIU lighting conditions or due to the drift associated with 
free-running in constant conditions. If there was a significant drift in phase each day 
then the phase advancing light pulse may in fact act to counteract this drift instead of 
producing a significant phase advance i.e. the phase advancing light pulse prevents 
the delay in phase from N2 to N3 and therefore no delay or a reduced drift on N3 is 
the significant result.
A dim white light pulse was used as opposed to maintaining the subjects in darkness 
between 07:15 and 11:15 h as it is known that dark pulses are able to phase shift the 
circadian pacemaker in an almost mirror image to the light PRC (see section 1.2.6). A 
dark pulse was thus avoided.
3.3.1.2 Bright white light
The bright white light pulse (12 000 lux, 4300 pW/cm2, 1.15 x 1016 photons/cm2/sec) 
was of an intensity that has previously been shown to phase shift the human circadian 
system (Table 1.1). Therefore, phase shifts in response to this light pulse could be 
used as a positive control to assess if the parameters of the light pulse were sufficient 
to produce detectable phase advances.
3.3.2 Pilot Study
A pilot study was run to assess the phase shifting abilities of the dim (n = 3) and 
bright (n = 4) white light pulses. The dim white light pulse was administered to 3 
subjects (SI, S4 and SI2) and 4 subjects (SI, S2, S3 and S5) received the bright white 
light pulse. The details of all the subjects studied in the pilot study are given in 
Appendix 4. In addition to protocol validation the results from the pilot study were 
used to assess which phase markers from the melatonin and temperature profiles 
should be used in future studies. One subject (SI) completed both the bright white
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light and dim light condition whilst the remaining 5 subjects only completed one light 
condition.
The phase shifting ability of a short wavelength (SW) light pulse was also assessed in 
8 subjects (S3, S4, S5, S7, S8, S9, S10, S13) (Appendix 4). The phase shifting 
response to the SW pulse and the implications of these results are discussed in 
Chapter 4 but for the assay validation and comparison of the different phase markers 
the N1 data from these 8 subjects was used. Three of the subjects (S3, S4, S5) who 
took part in the pilot study (bright or dim white light) also participated in the SW 
study so that a total of 11 subjects were studied under 15 light conditions. As not all 
subjects completed all light conditions, only a single N1 profile was included in the 
analysis of the N1 markers for each of the repeated subjects (SI, S3, S4, S5). The N1 
profile used was from leg 1 for all subjects (SI, S3, S4) except S5 whose N1 profile 
on leg 1 could not be used in analysis and therefore the N1 profile from leg 2 was 
used.
3.3.3 Pupillary response
3.3.3.1 Subjects
A total of 4 subjects (SI6, S25, S26, S27) were studied using the protocol described in 
Section 2.3.5 to assess the spectral sensitivity of the pupil response. The subjects’ 
details are given in Appendix 4. Ideally the pupillary response should have been 
measured in each subject during the light exposure period in the phase shifting study 
(Chapter 5) but this was not possible due to limitations on camera equipment. 
Therefore the pupillary response was assessed in a separate study and should have 
been measured in all the subjects that took part in the phase advance study but not all 
the subjects were available. In addition, 3 of the 4 subjects used in the pupil response 
study were female as it was assumed that there were no gender differences in the 
pupillary reflex. Only one subject was studied in the experiment to assess if there was 
a uniform response throughout the 4-hour light pulse.
3.3.3.2 Light conditions
The response of the pupil to a 10-minute pulse of each of the 4 wavelengths (420,
440, 470 and 600 nm) used in the phase advance study was assessed. The photon 
densities used were those used in the phase advance study and both photon densities
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were assessed at 440 nm to see if there was a dose dependent component to the 
pupillary response. The different light conditions were always presented in the same 
order to each subject so that if there was any effect of previous light exposure on the 
PLR then this would be consistent in all subjects.
In addition, the pupil response to the 10-minute monochromatic light pulse at the start 
of each hour of the 4-hour light pulse was assessed for the high photon density 470 
nm light to ensure that there was a uniform response throughout the light pulse. The 
subject was exposed to a 4-hour light pulse and alternated his gaze between 5 minutes 
of dim CIU lighting and 10 minutes of monochromatic light. At the start of each hour 
the pupil was assessed for the 5 minutes before and after each 10-minute 
monochromatic light segment to obtain baseline and recovery measurements.
The diameter (mm) of the pupil was measured at every minute of the assessment and 
then the area of the pupil was calculated. The baseline pupil area was designated 
100% and all the subsequent areas were calculated as percentages of this baseline 
value. For the comparison of the different light conditions both the individual and 
average data are shown. In addition, the area under the curve for the time course of 
the pupil response was calculated for each subject in each light condition.
3.3.4 Statistical analysis
For each phase marker the correlation between the N1 markers calculated by the 
different methods was assessed in pairs using the INST AT programme. Unpaired 
Student’s t-tests (INSTAT programme) were used to compare the phase shifts 
obtained in the melatonin phase markers with the bright white and dim white light 
pulses. They were also used to assess the acute effects of light on the temperature 
profile by comparing the slope of the ascending limb of the profile on N i and N2.
3.4 RESULTS
3.4.1 Validation of assays
For the plasma melatonin RIA the limit of detection of the assay was 5 pg/ml. The 
interassay coefficients of variation were 13% at 34 pg/ml (n = 32), 13% at 61 pg/ml 
(n = 32), 9% at 170 pg/ml (n = 32), 12% at 47 pg/ml (n = 6), 10% at 74 pg/ml (n = 6) 
and 5% at 235 pg/ml (n = 6).
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3.4.2 Melatonin phase markers
3.4.2.1 N1 circadian phase markers
For each individual N1 plasma melatonin profile (n = 11) the values at each time 
point were converted into a percentage of the individual’s peak value. From these an 
average night one profile could be obtained, which took into account the varying 
melatonin levels and amplitudes between subjects. The average N1 melatonin profile 
is shown in Figure 3.1.
Four phase markers were calculated from the melatonin profile (melatonin onset 
(Melon), acrophase, melatonin offset (Meloff) and Synoff) using the methods 
described in section 2.6.2. A summary of these phase markers on N1 is shown in 
Table 3.2.
Table 3.2. Summary of N1 melatonin phase markers.
Method of 
calculation
Melon (h:min) 
(mean + SEM)
Acrophase 
(mean ± SEM)
DLMOff 
(mean ± SEM)
Synoff
(mean + SEM)
50% (n = 11) 23:45 ± 0:17 h 03:17 ± 0:10h 06:50 + 0:11 h
25% (n = 11) 22:42 ± 0:20 h 03:28 ± 0:07 h 08:15 ± 0:22 h
Cosinor (n = 11) 03:19 + 0:10 h
Synoff (n = 11) 05:07 ± 0:30 h
The small inter-subject variation in the timing of the Melon, acrophase and Meloff on 
N l, by all methods of calculation, confirms that the regular sleep-wake schedule for 
two weeks prior to the study was successful in entraining the subjects to a similar 
circadian phase.
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With the 25% method the acrophase occurred 4:38 h after Melon and before Meloff. 
The 50% method acrophase occurred 3:32 h after Melon and before Meloff The 25% 
DLMO and 50% DLMO were significantly correlated (r2 = 0.56, p<0.01). For the 
remaining phase markers the pairwise correlation between the different methods was 
not significant. This could reflect the fact that each method is using a different part of 
the melatonin profile. Factors such as amplitude or the slopes of the upward and 
downward limbs may influence the timings and relationships of the markers. The 
25% and 50% acrophases are calculated as the midpoint between the Melon and 
Meloff and therefore subject to any influences affecting these markers whereas the 
acrophase calculated by cosinor analysis is an independent calculation of acrophase.
The optimal method of calculating each of the phase markers will be the one that 
produces consistently reliable results with minimal variation and maximum resolution 
or sensitivity to detect phase shifts. On Nl the least variable markers, demonstrated 
by the smallest SEM, for Melon and Meloff are those calculated by the 50% method. 
As 4 subjects (SI, S3, S4, S5) completed more than 1 light condition in the pilot and 
SW studies it is possible to assess the reliability of N l phase markers within a subject. 
The Melon50% on Nl for these subjects on each study leg is shown in Table 5.4 and 
the co-efficient of variation (CV) between legs 1 and 2 was less than 5% for all 
subjects, which demonstrated that there was minimal intra-subject variation.
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3.4.2.2 Phase shifts in the melatonin profile
Phase shifts were calculated by comparing the timing of phase markers on N3 to N l. 
Figure 3.2 shows examples of the effects of the 4-hour bright and dim white light 
pulses on the human melatonin profile. Figure 3.3 shows the average phase shifting 
response to a 4-hour bright white light pulse (n = 4).
Following the bright white light pulse there was a phase advance in the downward 
limb of the melatonin profile. Visual examination of this profile explains why the 
25% calculation methods may not be ideal to calculate melatonin phase markers.
There was a lot of noise and fluctuation in the profile in the early evening and 
morning, around the time of the 25% Melon and Meloff, which would contribute to 
the variation seen in these markers. Indeed for both the Melon and Meloff the 25% 
method produced more inter-subject variation than the 50% method. The markers 
calculated from the 50% method occurred at higher points on the rising and declining 
limbs where there was less variability in the melatonin profile.
Although there was a pronounced phase advance in the Meloff on N3 as the values 
tended to baseline this effect was reduced and therefore the 25% Meloff may not be 
sensitive enough or exhibit sufficient resolution to detect phase shifts. In addition, it 
was not always possible to calculate the 25% DLMOff on N3. This was because the 
the 25% value on the downward limb was not achieved if it occurred after sampling 
had finished (e.g. in a subject with a later circadian phase) or if there was fluctuation 
in the melatonin profile at this point, and therefore by using the Meloff25% phase 
shifting data may be lost. As the Meloff appears to be the responsive part of the 
melatonin profile following the bright white light pulse a reliable marker of melatonin 
offset is required. The findings show that it is more appropriate to use the MelofT50% 
in the current protocol.
The 50% method of calculating Melon and Meloff was therefore chosen, due to the 
sensitivity of the markers to detect phase shifts and the low inter-subject variability 
within these markers. For consistency the acrophase was also calculated using this 
method. Using this method the melatonin onset is assigned Melon50% and the offset 
is Meloff50%.
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3.4.2.3 Bright and dim white light
The results of the protocol validation, using the 50% method of calculation for Melon, 
acrophase and Meloff can now be discussed. The success of the fixed SAV schedule 
in entraining subjects to the same phase was confirmed by the small inter-subject 
variation in the phase markers on N l (Table 3.2). However, confirmation that this 
schedule entrained subjects to the desired circadian phase (CT 4) was shown by post 
study analysis which revealed that the light was administered at CT 3.96 + 0.18 
(mean + SEM) (n = 11) (assuming that the midpoint of the light pulse is the CT of 
administration).
A summary of the phase shifts in each marker with the two light pulses is shown in 
Table 3.3. After a dim white light pulse the N3 profile was almost identical to the N l 
profile (Figure 3.2). This confirmed that the dim white light pulse was not able to 
phase advance the human circadian pacemaker in the current protocol and that there 
were no other factors within the protocol that influenced the clock and phase shifted 
the melatonin profile. The slight delays (-1 to -7  minutes but not significantly 
different from zero) are likely attributable to the daily drift in constant conditions 
associated with a human tan longer than 24-hours.
Table 3.3. Summary of phase shifts with dim and bright white light using 50% 
method to calculate melatonin phase markers (* indicates p<0.05 compared to dim 
white light pulse using a 1-tailed unpaired Student’s t-test)
Phase shifts (minutes) (mean + SEM)
Melatonin phase marker Dim white light Bright white light
(n = 3) (n = 4)
Melon50% -7 + 11 9 + 1 2
Acrophase -4 + 7 35 + 13*
Meloff50% -1 ± 2 62 +_20 *
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Unpaired Student’s t-tests demonstrated that the bright white light produced 
significant phase shifts in the melatonin acrophase (T = 2.371, degrees of freedom 
(df) = 5, 2-tailed test, p = 0.064, 1-tailed test, p = 0.032) and Meloff50% (T = 2.611, 
df = 5, 2-tailed test, p = 0.048, 1-tailed test, p = 0.024) compared to the dim white 
light. These results show that the light pulse was appropriately timed to produce a 
phase shift of sufficient magnitude and in the right direction. The Meloff50% 
appeared to be the most responsive phase marker to a white light pulse administered 
at approximately CT 4 (Figures 3.2 and 3.3. Table 3.3).
3.4.2.4 Synoff vs Meloff50%
The Meloff50% appeared to be the most sensitive marker to the phase advancing 
effects of a bright white light pulse. Synoff is often considered to be a more 
appropriate marker of the melatonin decline as it is closer to the endogenous switch 
off signal whereas the timing of melatonin offset is influenced by the slope of the 
downward limb which is related to metabolic rate (Lewy et al., 2002). The Synoff 
was clearly visible on the melatonin profiles and there also appeared to be a phase 
advance in the timing of this marker following a bright white light pulse (Figures 3.2 
and 3.3). In the pilot study the phase shifts observed in Synoff and Meloff50% were 
not significantly correlated within subjects (T = 1.075, df = 6, p = 0.324) (paired 
Student’s t-test). This lack of correlation may be due to the small sample size and 
therefore comparison of these markers will thus be carried out on a larger sample size 
in Chapter 5 (section 5.3.6).
3.4.3 Temperature phase markers
3.4.3.1 Tmin on N l
The timing of the Tmin was used as a phase marker and calculated using the 4 
methods described in section 2.6.3. One of the temperature profiles from a subject in 
the SW study had to be discarded due to insufficient data and was not used in further 
analysis. The average Tmin on N l is shown in Table 3.4.
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Table 3.4 Summary ofN l temperature phase markers
Method of 
calculation
10 lowest Midrange
crossing
Cosinor
(masked)
Cosinor
(demasked)
Tmin (h:min) 
(mean ±  SEM) 
(n = 10)
4:17 ±0:20 4:21 ±0:16 4:27 ±0:19 6:03 ±0:53
The timing of Tmin was very similar between methods (10 lowest, midrange crossing 
and masked cosinor) and each method shows little inter-subject variation in the timing 
of Tmin. This again confirms that the subjects were entrained to a similar circadian 
phase and that these markers provided an accurate reflection of the temperature 
profile. Demasking the temperature data resulted in a much later timing of Tmin 
which suggests that there was a masking influence of sleep. There is a significant 
correlation between the 10 lowest values and the midrange crossing method 
(r2 = 0.37, df = 9, p = 0.06) and also with the masked cosinor Tmin values (r2 = 0.45, 
df = 9, p = 0.035). The midrange crossing method is also significantly correlated with 
the masked cosinor method (r2 = 0.73, df = 9, p = 0.0017).
3.4.3.2 Phase shifts in the timing of Tmin
The phase shifts between N1 and N3 were computed for all 4 methods in the pilot 
study with 7 subjects. There was a high degree of correlation between the phase shifts 
calculated using the midrange crossing method and all other methods: 10 lowest 
values (r2 = 0.65, df = 6, p = 0.03), masked cosinor method (r2 = 0.67, df = 6, 
p = 0.02) and demasked cosinor method (r2 = 0.79, df = 6, p = 0.0075). The masked 
and demasked cosinor methods were also well correlated (r2 = 0.70, df = 6, p = 0.02).
The correlation between the different methods of calculation suggests that they all 
have similar resolution and that any of the methods can be used to provide an accurate 
representation of the phase of the temperature profile. However, visual inspection of 
the temperature profiles often suggested that the Tmin calculated by the cosinor 
methods was not an accurate representation of the data as the temperature rhythm 
does not always fit a cosine curve. The midrange crossing method has a similar
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problem to the 25% melatonin method in that due to the nature of the temperature 
profile the midpoint on the rising limb of the temperature profile was not always 
attained on N3. Therefore the Tmin on N3 could not always be calculated and data 
may be lost. This occurred with some of the temperature profiles in the SW study and 
therefore prevented phase shifts from being calculated.
Visual examination of the raw data, low variation and consistency in obtaining results 
indicated that the 10 lowest values method was the most accurate representation of the 
temperature profiles using the current protocol.
3.4.3.3 Dim and bright white light
Using the 10 lowest values method of calculating Tmin the effects of the bright and 
dim white light pulses can be assessed. Following the dim white light pulse there was 
a phase delay in the timing of Tmin of 15 + 18 minutes (mean + SEM) (n = 3) from 
N1 to N3. The bright white light pulse produced a significant phase advance of 65 + 
28 minutes (n = 4) (T = 2.176, df = 5, 1-tailed test, p = 0.041) compared to the dim 
white light. These data support the melatonin data and confirm that there were no 
factors within the protocol that were able to phase advance the circadian pacemaker in 
the absence of the light pulse. In addition it was shown that the bright white light 
pulse was appropriately timed to produce phase advances of a detectable magnitude in 
the temperature profile.
3.4.3.4 Acute effects of light on the temperature profile
Light at night has been shown to have an acute elevating effect on core body 
temperature. In the current protocol this effect of light can be assessed by measuring 
the slope (rate of change) of the rising limb of the temperature profile during the light 
pulse, at the end of N2, and comparing this to the slope of the profile over the same 
time period at the end o fN l. Data was lost for one subject in the dim light condition 
on N2 and therefore this subject cannot be included in the analysis. The slope of the 
rising limb of the temperature profile between 07:15 and 07:45 h, i.e. the first 30 
minutes of the light pulse on N2, was calculated for N1 and N2 and are shown in 
Table 3.5. This time period was chosen to assess the acute effect of light as it was 
previously shown that the acute effect of light on temperature is seen within 30 
minutes of the start of the light pulse (Badia et al., 1991).
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Table 3.5 The slope of the rising limb of the core body temperature profile between 
07:15 and 07:45 h on N1 and N2. (Within the Subject column; S indicates subject, 
the number after S indicates the subject number, L indicates study leg and the number 
after L indicates the study leg).
Light condition Subject N1 slope N2 slope
Dim white S1L1 0.22 0.23
S12L3 0.20 0.19
Bright white S2L1 0.06 0.12
S5L1 0.16 0.02
S1L2 0.14 0.22
S3L2 0.15 0.24
Due to the small sample size in the dim white light condition it is not possible to carry 
out statistical tests on these data. However, in the absence of a bright white light 
pulse the slope of the rising limb appeared to be unchanged from N1 to N2 (n = 2). 
During the bright white light pulse on N2 there appeared to be a steeper slope 
compared to the same time in dim light on N1 which suggested that the light is having 
an elevating effect. This apparent difference in the slopes on N1 and N2 is not 
significant with a paired Student’s t-test (T = 0.413, df = 3, 2-tailed, p = 0.708,
1-tailed, p = 0.354). This analysis was also carried out for different wavelength light 
pulses in chapters 4 and 6.
3.4.4 Correlation between melatonin and temperature phase markers
Ideally 2 or more circadian phase markers are used in studies assessing the response 
of the human circadian pacemaker to a phase shifting light stimulus, as phase shifts in 
both markers in a similar direction can confirm that a ‘true’ phase shift has occurred. 
There was a near significant correlation between the phase shifts observed in the 
timing of Tmin and the Meloff50% (r2= 0.50, df = 6, p = 0.08) following a bright or 
dim white light pulse. This suggested that a true shift had occurred and that light was 
equally affecting these 2 markers. It also showed that it is in these 2 markers that a
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phase shifting response will be seen following light pulses of different wavelengths 
administered at CT 4.
3.5.5 Pupillary response
The pupillary response to 4 different monochromatic wavelength lights (n = 4) and 
over a 4-hour 470 nm light pulse (n = 1) was assessed in 2 separate studies.
The pupil response over the first 20 minutes of each hour of a 4-hour 470 nm light 
pulse was assessed and is shown in Figure 3.4. The baseline measurement of the 
pupil size in the dim CIU lighting was consistent over the 5 minutes before the start of 
the 10 minute monochromatic light segment. When the monochromatic light was 
turned on the pupil immediately contracted to approximately 20 -  30 % of the 
baseline area. Within 2 minutes of the start of the monochromatic light exposure the 
pupil area increased, and remained stable, at approximately 50% of the baseline area. 
After the monochromatic light was turned off the pupil area returned to the baseline 
value within 1 minute. A similar response was observed at the start of each hour of 
the light pulse and the mean response is shown in Figure 3.5. There was very little 
variation in the pupil area observed at each time point.
The pupil response during a 10 minute monochromatic light pulse of low photon 
density 420 and 440 nm and high photon density 440, 470 and 600 nm for each of the 
4 subjects studied is shown in Figure 3.6. In all subjects and all light conditions an 
initial contraction of the pupil was observed when the light was turned on which 
returned to baseline area when the light was switched off. During the light pulse the 
pupil area stabilised between 60 -  80 % of baseline after about 2 - 3  minutes in the 
monochromatic light. In 2 subjects (SI6 and S26) the largest pupil area during the 
light pulse was observed during the high photon density 600 nm light. In 2 subjects 
(SI6 and S25) the increase in pupil area from the initial contraction was slightly 
delayed in the high photon density 470 nm light.
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Figure 3.4. Changes in pupil area (n = 1) over the first 20-minute period of each hour of a 4-hour 470 nm 
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Figure 3.5. Mean (± SEM) pupil response over the first 20-minute period in each hour of a 4-hour 470 n 
light pulse (6.21 x 1013 photons/cm^/sec) (n = 4).
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The mean pupil response in all of the light conditions is shown in Figure 3.7 and a 
similar response was observed for all the conditions. An initial contraction in pupil 
are was observed when the light was turned on, the pupil area stabilised at about 70 -  
80 % of baseline after about 2 minutes in the light and the pupil returned to baseline 
values within 1 minute of the light being turned off. For each light condition there 
was very little variation in the pupil area observed at each time point. The only 
noticeable feature was the slight delay in the pupil area achieving a stable value 
during the high photon density 470 nm light exposure. It should be noted that with the 
equipment used the pupil diameter was measured in millimetres and a difference of 
1mm in diameter can magnify up to a more profound difference on the pupil area. As 
only a resolution of 1mm could be assessed this could contribute to the slight 
variation observed.
The area under the curve (AUC) for the 10-minute monochromatic light exposure was 
calculated for each light condition in each subject and is shown in Figure 3.8. There 
was inter-subject variation in the pupil area but in 3 of the 4 subjects there was little 
intra-subject variation between the different light conditions. The remaining subject 
(S27) showed a reduced AUC and therefore pupil area in the high photon density 470 
and 600 nm light pulses. There were no significant differences in the AUC with the 
different light conditions, as assessed by a repeated measures ANOVA (F = 2.36, 
df = 19, p = 0.11).
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3.5 DISCUSSION
A phase advance protocol that administers a 4-hour light pulse at CT 4 was designed 
and has been validated with the use of a dim and bright white light pulse. In addition 
appropriate circadian phase markers, and their method of calculation, have been 
selected for the subsequent studies.
3.5.1 Pre-study conditions
The regular sleep-wake schedule (23:00 -  07:00 h) for two weeks prior to the start of 
the study was effective at entraining and maintaining the subjects at the same 
circadian phase. This was demonstrated by the timing of the N1 melatonin and 
temperature phase markers exhibiting very little inter-subject variation (Table 3.2 and 
Figure 3.1) and within subject variation (Table 5.4). Thus when the light pulse was 
administered at the same clock time for all subjects (07:15 -  11:15 h) this was also the 
same CT (3.96 ±0.18) (decimal time) (n = 11). The SAV schedule has therefore been 
shown to be an effective method of predicting circadian phase and is in agreement 
with the results of previous studies (e.g. Shanahan et al., 1997).
Elimination of subjects that had sleep disorders (PSQI questionnaire) or who were 
extreme morning and evening types (Horne -  Ostberg questionnaire) ensured that 
only subjects whose SAV schedule had the predicted relationship with endogenous 
phase were able to participate in the studies.
3.5.2 Phase markers
The method selected to calculate the melatonin phase markers was the 50% method. 
The 25% and 50% Melon were well correlated which suggests that both markers are 
an accurate reflection of the melatonin profile and either could be used as phase 
markers. This high degree of correlation suggests that the rising limb of the melatonin 
profile was not subject to noise or masking as 2 reliable phase markers with a 
consistent relationship, that was reproducible between subjects, could be calculated.
By contrast the Meloff calculated by the 2 methods were not correlated, the 
Meloff25% being more variable than the Meloff50%. This could in part reflect a 
masking effect as the Meloff25% occurred at 08:15 ± 0:22 h which is close to the end 
of the sleep episode and therefore this part of the melatonin profile could be
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influenced by the transition from wake to sleep and the associated change in light 
exposure (0 lux to < 8 lux). Alternatively it could be due to the increased noise and 
fluctuation observed in the melatonin profile in the early morning (Figures 3.1, 3.2 
and 3.3) which would increase the intersubject variation observed in the Meloff25% 
marker. Due to the timecourse of the profile it may be that the Melofï25% does not 
have sufficient resolution to be able to detect phase shifts in the melatonin offset 
(section 3.4.2.2). Therefore, for consistency and reliability, the 50% method was 
chosen to calculate all melatonin phase markers (onset, acrophase and offset).
The method that was selected to calculate Tmin was the 10 lowest values method.
The midrange crossing and masked cosinor methods produced similar timings of 
Tmin with minimal intersubject variation and also similar magnitude phase shifts. 
However it was not always possible to use the midrange crossing method on the 
individual profiles obtained in this protocol and the Tmin derived from cosinor 
analysis was not always an accurate representation of the data.
Using the 50% method to calculate the melatonin phase markers resulted in 
Melon50% occurring at 23:45 h, melatonin acrophase at 03:17 h and the Meloff50% 
at 06:50 h. Therefore with the 50% method the acrophase occurred 3:32 h after Melon 
and before Meloff whilst with the 25% method the acrophase occurred 4:38 h after 
Melon and before Meloff. The 10 lowest values method resulted in Tmin occurring at 
04:17 h. The relationship of the melatonin phase markers with both methods 
correlates well with the study by Khalsa et al. (2003) on which the current protocol 
was based. This study used the 25% method such that the Melon25% occurred at CT 
17, the acrophase at CT 22 and the Meloff25% at CT 3 (Khalsa et al., 2003). This 4- 
hour spacing of the melatonin phase markers is also observed in the current study and 
therefore this confirms that the phase markers calculated in the current protocol are a 
reliable representation of endogenous phase.
The Tmin occurs, on average, 1.9 ± 0.3 hours after the melatonin acrophase 
(Shanahan and Czeisler, 1991) and 1.4+ 0.3 hours before the habitual wake time in 
healthy young men (Shanahan et al., 1997). In the current study the Tmin occurred 
only 1 hour after the melatonin acrophase but 2:43 h before the habitual waketime of
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07:00 h. Therefore the Tmin in the current study appears to occur at an earlier phase 
than has been observed in previous studies. This discrepancy could be due to the fact 
that other studies may demask the temperature data as in the current study the 
demasked Tmin, calculated by cosinor analysis, occurred at 06:03 h which was a 
much later timing than was observed with the unmasked data.
3.5.3 Pilot study
The use of a dim white light pulse, which was of an intensity that should not have had 
any phase shifting effects on the human circadian system, allowed the protocol design 
itself to be assessed. There were slight delays in the timing of Melon50% (7+11 
minutes) (mean ± SEM) (n = 3), melatonin acrophase (4 + 7 minutes), Meloff50%
(1 + 2) and Tmin (15 + 18 minutes) on N3 compared to N l. These slight delays may 
be attributable to the daily ‘drift’ due to the human pacemaker free-running in 
constant conditions. The intrinsic circadian period (tau) has been estimated to be 
24.18 h in sighted humans (Czeisler et al., 1999) which would result in a daily phase 
delay of 11 minutes. Therefore in this protocol it would be expected that there would 
be on average a phase delay of 22 minutes from N l to N3. The observed delay was 
not this large probably because the SAV schedule was fixed during the study which 
would help to keep the subjects entrained to a 24-hour day.
The bright white light pulse resulted in a phase advance in the Melon50% (9 + 12 
minutes) (n = 4), melatonin acrophase (35 + 13 minutes), Meloff50% (62 + 20 
minutes) and Tmin (65 + 28 minutes). This finding confirms that the light pulse was 
appropriately timed and was of sufficient duration to produce a phase advance. The 
observed phase shift in the melatonin acrophase was not as large as the ~ 2 hour phase 
advance observed by Khalsa et al. (2003). This discrepancy may be due to the fact 
that the current protocol used a shorter duration light pulse, with less photons being 
administered overall. In addition, although the pulse was centred at CT 4 in the 
current study it actually began later than the 6.7 hour pulse used by Khalsa et al. 
(2003). Therefore, if the first part of the pulse is the biologically relevant portion then 
the light pulses in the 2 studies were effectively administered at different CTs and 
would have different phase shifting effects.
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The parallel phase shifts in the temperature and melatonin phase markers confirmed 
that a ‘true’ phase shift had occurred and that the light pulse had phase advanced the 
clock itself. The Meloff50% appears to be the most sensitive of the melatonin phase 
markers to the phase advancing light pulse and this will be discussed further in 
Chapter four. The near significant correlation (p = 0.08) of the phase shifts in the 
MelofF50% and Tmin suggested that these 2 markers provide reliable and 
reproducible measures of phase shifts in response to the phase advancing light pulse.
This pilot study using bright white light has shown that the light pulse is able to 
produce a phase shift of sufficient magnitude to be detected. One of the concerns of 
using a phase advance protocol was the problem of transiency (see section 1.2.4). 
Following a phase shifting light stimulus, particularly phase advancing light, phase 
markers may display several cycles of non steady state behaviour or transients before 
reaching a stable phase position (Jewett et al., 1997). These transients are thought to 
be the time taken for a given phase marker to realign with the shifted central 
pacemaker (Pittendrigh, 1965). It is only when steady state is reached that the true 
magnitude of the phase shift can be seen and so the phase shift observed immediately 
after light stimulus application may be an underestimation of the size of the total shift 
induced by the stimulus (Jewett et al., 1994). In the current protocol it was thus 
possible that the phase shift observed on N3 may be an underestimation of the actual 
phase advance induced by the light pulse and may not have been of sufficient 
magnitude to be detected. However, phase shifts following bright white light were 
detected on N3 but these may not be the maximal possible phase shift. Ideally the 
phase position should also have been assessed on N4 and possibly N5 to determine 
the true magnitude of the phase advance. Whilst detecting a non-maximal phase shift 
may not a problem for bright white light, which has a strong effect on the human 
circadian pacemaker, it may be a problem when using low intensity or different 
wavelength light pulses. The phase shift may not be easily detectable on N3 so soon 
after the light stimulus, or it may not be possible to distinguish the effects of the 
different light pulses if the phase shift is not of sufficient magnitude.
The acute effects of light can also be assessed by examining the elevating effect of 
light on core body temperature. Initial data from the bright white light pulse suggest 
that this effect could be used to assess the acute effects of light. The spectral
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sensitivity of this acute response could be compared to other irradiance dependent 
responses such as alertness, pupillary light reflex and light-induced melatonin 
suppression.
3.5.4 Pupillary response
The response of the pupil was measured to determine if, in the phase advancing 
protocol used, there was a significant effect of the spectral composition of light on the 
pupil area that would need to be accounted for in the phase shifting data. In addition, 
as freely moving pupils were used in the phase advancing protocol it had to be 
established that the response of the pupil over each 10 minute segment of 
monochromatic light was consistent over the 4-hour light pulse.
The first study was based on the null hypothesis that, in the conditions used in the 
phase advancing protocol, there would be no difference in the response of the pupil to 
each 10 minute monochromatic light segment over the 4-hour light pulse. The same 
response was observed during each monochromatic light segment and so the pupil 
appeared to exhibit a consistent response throughout the 4-hour light pulse. Therefore 
the amount of photons received in each 10 minute monochromatic light segment 
should be the same throughout the 4-hour light pulse so that the total number of 
photons received did not need to be corrected for a varying pupil response.
The second study was based on the null hypothesis that, in the conditions used in the 
phase advancing protocol, there would be no difference in the response of the pupil to 
the different wavelengths of light pulses. The mean data suggest there did not appear 
to be any differences in the pupillary response to the different wavelength of light 
pulses. Therefore the phase shifting data do not need to be corrected for variations in 
pupil size. The only possible variation was the delay in return to steady state with the 
470 nm light which might indicate an enhanced sensitivity of the PLR to this 
wavelength.
From the results presented here it is possible to conclude that in the conditions used in 
the phase advancing study the pupil exhibited a uniform response throughout the 4- 
hour light pulse. In addition there was not a significant difference in the response of 
the pupil to the different wavelengths of light. However, it cannot be concluded that
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there is no wavelength effect on the PLR as the study was not designed to accurately 
assess this and the results here suggest that there may be a tendency for slight 
variations in the pupil response to different wavelengths. Therefore the data presented 
here can be used to conclude that in the phase advance protocol used there was not a 
significant difference in the response of the pupil to the different wavelengths studied 
and therefore the phase shifting data do not need to be corrected for variations in pupil 
area.
In summary a phase advancing protocol has been designed and validated. A fixed 
SAV schedule has been used successfully to entrain and maintain subjects at the same 
circadian phase. The constant posture (CP) protocol, with no displacement of sleep, 
was capable of maintaining subjects at this entrained phase and the masking 
influences or environmental factors within the protocol that could have influenced 
circadian phase were minimised. A light pulse was administered at the end of N2 
(07:15 -  11:15 h) and this produced phase advances both in the temperature and 
melatonin rhythms that were detectable within 24 hours.
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4. PHASE ADVANCING CIRCADIAN RHYTHMS WITH SHORT 
WAVELENGTH LIGHT 
4.1 INTRODUCTION
The light-dark cycle is the most important environmental stimulus involved in 
entrainment of the human circadian system and the eyes provide the photic input to 
the clock (sections 1.2.5 and 1.3.1.1). However the photopigments responsible for 
detecting the light stimulus in the phase shifting response have not been identified 
(section 1.6). In mice it appears that the rod-cone system and a melanopsin-based 
system are the exclusive light detecting systems in the eye and provide all photic 
information for irradiance responses (section 1.6.3.1). However it still remains to be 
demonstrated that melanopsin is a functional photopigment so it is not yet clear if 
melanopsin is an irradiance detecting photopigment or if it is a component of a light- 
detecting pathway. However, the melanopsin-based system appears to be maximally 
sensitive to around 480 nm (sections 1.6.3, 1.6.3.1 and 1.6.3.4).
In humans attempts to determine the nature of the circadian photopigment(s) have 
utilised non-visual responses, such as light-induced melatonin suppression, as an 
approximation for the action of light on the circadian clock (section 1.7.8). Two 
action spectra for light-induced melatonin suppression have been constructed both of 
which best fit an opsin template with a Xmax around 460 nm (section 1.7.8.1). From 
these findings it was concluded that there is a novel non-rod, non-cone photopigment 
in the human eye involved in irradiance non-image forming responses to light. 
However, it remains to be proven that all irradiance dependent responses are mediated 
by the same photoreceptors or involve the same processing pathways (section
1.7.8.2). Whether similar short wavelength sensitivity exists for light-induced phase 
shifting of the human circadian clock remains to be established (section 1.7.6).
4.2 AIMS
The aim of the present study was to determine if  the human phase shifting response to 
light exhibits a similar short wavelength sensitivity to the light-induced melatonin 
suppression response or if the photopic visual system provides the primary photic 
input to the clock, as has been previously suggested (Zeitzer et al., 1997).
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Hypotheses:
Ho: The photopic visual system provides the primary input for the phase shifting 
effects of light on the human circadian system.
H%: The primary photic input to the clock is not provided by the photopic visual 
system and the phase shifting response to light exhibits short wavelength sensitivity.
If the null hypothesis is true then this implies that the ‘circadian’ strength of the light 
stimulus can be quantified in photopic lux. It would therefore be expected that a low 
intensity short wavelength light pulse (approximately 8 lux) would be significantly 
less effective than a high intensity white light pulse (12 000 lux) and have as little 
effect as a dim white light pulse of the same intensity (approximately 8 lux). If, 
however, the phase shifting effects of light exhibit short wavelength sensitivity, 
similar to that observed for the light-induced melatonin suppression response, then it 
would be expected that a low lux short wavelength light pulse would be as effective 
as a high lux white light pulse and significantly more effective than a dim white light 
pulse. The study described here aimed to test these hypotheses.
4.3 METHODS
4.3.1 Subjects
Eleven healthy male subjects, aged between 18 and 40 years old (28 + 5 years; mean 
± SD), participated in 15 phase shifting sessions. Subject selection criteria (section
2.1), pre-study measurements and restrictions (section 2.2) and the protocol design 
(section 2.3) have all been described.
4.3.2 Light exposure
At the end of N2, immediately after habitual wake time (07:00 h), the subjects were 
exposed to a randomly assigned 4-hour light pulse from 07:15 -11:15 h, timed to 
induce phase advances. The light exposure equipment and method of administration 
are described in section 2.5.1. During light exposure subjects were instructed to 
alternate their gaze every 6 minutes from looking directly at the light source (90°) to 
lowering their heads (20° angle to the light). This change in head position reduced the 
amount of light reaching the subjects’ eyes to approximately one third of the amount 
received when the subjects were looking directly at the source. The light levels were 
stepped up over 15 minutes, beginning at 07:00 h, to facilitate retinal adaptation and
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during this time the subjects ate breakfast and were advised not to look directly at the 
light source.
4.3.3 Light conditions
Three different light conditions were tested: a low intensity short wavelength (SW) 
light pulse (n = 8), a bright white (BW) light pulse (n = 4) and a dim white (DW) light 
pulse (n = 3). Four subjects completed two conditions (n=2 BW and SW, n=l SW and 
DW, n=l BW and DW). A summary of the different light measurements for each 
light condition is shown in Table 4.1.
Table 4.1 Summary of light measurements for all light conditions when looking 
directly at the light source (90°) and with lowered heads (20°) (SW = short 
wavelength, BW = bright white, DW = dim white).
Light
Condition
Lux p.W/cm2 photons/cmz/sec
90° 20° 90° 20° 90° 20°
BW 12 000 8400 4300 2800 1.15 x 10lb 7.86 x 10°
DW < 8 < 8 < 1.6 <1.6
SW 8 5.8 28 10.3 6.21 x 10u 2.30 x 10“
4.3.4 Photon calculations
For the BW and SW light pulses the total number of photons administered over the 4- 
hour light pulse was calculated. The irradiance of each light pulse was measured 
(section 2.4.2.1), and the number of photons/cm2/sec calculated (sections 2.4.1 and
2.4.2.1), for looking directly at the light source (90°) and also for the lowered head 
position (20° angle to the light). Gaze was alternated between the 90° and 20° 
positions every six minutes so for each position the number of photons administered 
in a six minute block was calculated ((photons/cm2/sec) x 60 x 6). In one hour there 
were 5 blocks of 90° position and 5 blocks of 20° position and the light pulse was 
administered for 4 hours in total. Therefore the total number of photons/cm2 
administered in the 4 hour light pulse for each position was calculated as follows:
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Number of photons administered in 90° position 
= (photons/cm2/sec) x 6 0 x 6 x 5 x 4
(photons/sec —►photons/minute ► photons/6 minute period —► photons/hour ^
photons/4-hours)
The total number of photons administered in the 4-hour light pulse was determined by 
the sum of the number of photons administered in the 90° and 20° positions.
The total number of photons/cm2 administered during the 4-hour light pulse was:
a) 6.13 x 1017 photons/cm2 for the SW light pulse
b) 1.39x 1020 photons/cm2 for the BW light pulse
The relative spectral power distributions of the BW light and SW light pulses are 
shown in Figure 4.1. The BW light pulse used a fluorescent light source with major 
peaks at approximately 405, 440, 490, 550 and 615 nm (Figure 4.1a). The SW light 
had a transmission spectrum with two distinct peaks (Xmax) of 436 nm (half-maximal 
bandwidth (AX)o.s of 2 nm) and 456 nm ((ÀX)o.5 of 5 nm) (Figure 4.1b).
The plasma melatonin and core body temperature rhythms were used to assess 
circadian phase. Phase shifts were assessed by comparing the timing of phase 
markers on N3 to N l. The melatonin profiles were analysed blind (without knowledge 
of the light condition) by the mid-range crossing method (section 2.6.2.1) to derive 
three phase markers of the clock: melatonin onset (Melon50%, time of melatonin 
onset, 50% maximum levels), melatonin offset (Meloff50%, time of melatonin offset, 
50% maximum levels) and melatonin acrophase (time of melatonin peak, midpoint 
between Melon50% and Meloff50%). The amplitude of the melatonin rhythm was 
calculated using cosinor analysis and the timing of Synoff was also calculated (section 
2.6.2.5). Tmin, calculated by the 10 lowest values method (section 2.6.3.2), was used 
as a phase marker. In addition, the acute effects of light were assessed by analysing 
the slope of the rising limb of the temperature profile between 07:15 and 07:45 h on 
N2. The temperature profiles of one of the subjects following a SW light pulse was 
discarded due to insufficient data and not used in further analysis.
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4.3.5 Statistical analysis
Unpaired Student’s t-tests were used to test the hypotheses that there would be no 
difference between the SW and DW light pulses but that the BW light pulse would be 
significantly better than both the low intensity light conditions. Paired Student’s t- 
tests were used for within subject comparisons.
4.4 RESULTS
The phase shifting data for the BW and DW light pulses have been presented in 
Chapter 3 as a validation of the protocol. The results are discussed further and 
compared to the phase shifting ability of the SW light pulse in this chapter.
4.4.1 Phase Shifts
The light pulse, administered between 07:15 and 11:15 h, was timed to produce phase 
advances. If the melatonin acrophase on N l is used as a marker of phase and is 
assumed to occur at CT 22, the midpoint of light administration was CT 4.2 ± 0.2 
(mean ± SEM) in the 15 light trials.
Examples of the phase shifting effects of the BW and SW light pulses on the 
melatonin profile are shown in Figures 3.2, 3.3 and 4.2. A summary of the phase 
shifts observed in the melatonin and temperature phase markers following exposure to 
BW, DW and SW light pulses is shown in Figure 4.3.
The SW light produced a phase advance of 51 + 10 minutes (mean ± SEM) in the 
Meloff50%, an advance of 36 ±11 minutes in the melatonin acrophase and an 
advance of 21 + 17 minutes in the Melon50% in the 8 subjects studied. Compared to 
the DW light condition, the SW light was significantly more effective at phase 
advancing the Meloff50% (2-tailed test, T = 3.067, df = 9, p = 0.0134) with a similar 
trend in the melatonin acrophase (T = 2.134, df = 9, 2-tailed test, p = 0.062, 1-tailed 
test, p = 0.031,) using an unpaired Student’s t-test. The BW light pulse also produced 
phase advances in the Meloff50% (62 + 20 minutes), the melatonin acrophase (35 ±
13 minutes) and the Melon50% (9 ± 12 minutes) in 4 subjects. This phase advance in 
Meloff50% following the BW light pulse was significantly different (2-tailed, T =
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2.611, df = 5, p = 0.048) from the DW light condition (n=3) using an unpaired 
Student’s t-test.
The advances in the acrophase and Meloff50% with the BW light were not 
significantly different from those observed with the SW light. Comparing the phase 
shift in Meloff50% with Melon50% within individuals using a paired 1-tailed 
Student’s t-test, the size of the phase advance was larger in the Meloff50% than in the 
Melon50% after both the white (T = 2.466, df = 3, p = 0.045) and short wavelength 
(T = 1.684, df = 7, p = 0.068) light.
Changes in the timing of Tmin were also observed on N3 compared to N l. Whereas 
after DW light exposure the timing of Tmin delayed by -15 ± 18 mins (n=3), the BW 
and SW light pulses produced phase advances in Tmin timing of 65 ± 28 mins (n=4) 
and 41+33 mins (n=7), respectively. The phase advance following the BW light 
pulse was significant greater than the shift with the DW light pulse (T = 2.176, 
df = 5, 1-tailed test, p = 0.041) using an unpaired Student’s t-test. However the 
differences in Tmin between the SW and DW light pulses were not statistically 
significant (T = 1.036, df = 8, 2-tailed test, p = 0.3305, 1-tailed test p = 0.165) with an 
unpaired Student’s t-test. The shifts in Tmin were in the same direction as the 
melatonin data. An example of the phase shifting effects of SW light on the 
temperature profile is shown in Figure 4.4.
The phase shifts in the timing of Synoff (section 2.6.2.5) on N3 in response to the 3 
light conditions are shown in Figure 4.5. Following exposure to the DW light pulse 
the Synoff was delayed by 17 ± 5.6 minutes (mean ± SEM) (n = 3) whereas after the 
bright white and SW light pulses the Synoff was advanced by 38.3 + 32.7 minutes 
(n = 4) and 25.9 + 23.9 minutes (n = 8) respectively. The phase shifts in the 
Meloff505% and Synoff are not significantly correlated (r2 = 0.04, df = 14, p = 0.48).
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Figure 4.5. Phase shifts in Synoff (NI v N3) following a 4-hour light pulse centred at CT 4.2.
( • individual data, - mean, Short, short wavelength). Positive phase changes indicate phase advances 
and negative phase changes indicate phase delays. (White n = 4, Dim n = 3, Short n = 8).
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4.4.2 Relationship between Txnin and melatonin acrophase
The relationship between Tmin and melatonin acrophase was assessed both before 
and after the phase advancing light pulse (Figure 4.6). After the dim white light pulse 
the relationship remains consistent in 2 out of the 3 subjects. Following the bright 
white light pulse the time between the Tmin and melatonin acrophase was reduced in 
half of the subjects. The relationship between the 2 phase markers was altered 
following the short wavelength light pulse in the majority of subjects: it remained 
unchanged in 1 subject and the time between the markers was increased in another 3 
subjects. In the remaining subjects the time between the Tmin and acrophase was 
either reduced or the Tmin shifted from occurring after the acrophase to occurring 
before the acrophase.
4.4.3 Changes in amplitude
The amplitude of the melatonin rhythm was assessed by cosinor analysis. Following 
exposure to the SW light pulse the amplitude of the rhythm was significantly reduced 
by 24 % (± 7 %) on N3 compared with NI (T = 2.361, df = 7, 2-tailed, p = 0.05,
1-tailed, p = 0.025) using a paired Student’s t-test. In contrast the BW and DW light 
pulses did not have a significant effect on the amplitude. The amplitude of the 
melatonin rhythm on N1 was not correlated with the magnitude of phase shift 
observed on N3 (r2 = 0.04, df = 14, p = 0.46).
4.4.4 Acute effect of light
The acute effect of light on core body temperature (CBT) was assessed by calculating 
the slope of the rising limb of the temperature profile, by linear interpolation, between 
07:15 and 07:45 h on N1 and N2 (Table 4.2). This time period was used as the acute 
effect of light on temperature can be seen within 30 minutes of the start of the light 
pulse (Badia et al., 1991). An acute elevating effect of light would be observed as an 
increase in the slope of the rising limb. The temperature profiles during this time 
period, on either N 1 or N2, in 2 subjects exposed to the SW pulse and one subject 
exposed to the DW light pulse were not able to be used due to lost data.
The acute effect of the DW and BW light pulses is described in section 3.4.3.4. For 
subjects exposed to the SW light pulse the slope of the rising limb on N1 was
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0.21 + 0.03 (mean + SEM) (n = 5) whilst on N2 it was greater at 0.32 + 0.08 which 
nearly reached statistical significance (p = 0.11, 1 -tailed test).
Table 4.2. Summary of the slopes of the rising limb of the temperature profiles 
between 07:15 and 07:45h on N1 and N2 in the SW light condition.
Light Condition Subject code m N2
SW S3 0.24 0.27
S4 0.22 0.27
S5 0.17 0.59
S8 0.28 0.38
S13 0.13 0.10
Mean + SEM 0.21 + 0.03 0.32 + 0.08
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4.5 DISCUSSION
Three different light conditions have been assessed for their phase advancing effect on 
the melatonin and core body temperature rhythms. In addition the acute effects of 
light on core body temperature have been analysed.
4.5.1 Phase shifts
The DW light pulse did not produce significant phase shifts in the melatonin or 
temperature phase markers which confirms that the protocol (sections 3.4.2.3 and
3.4.3.3) i.e. the SW schedule, low environmental light conditions, controlled posture, 
scheduled meal times and composition of meals did not affect circadian phase. Thus 
any observed changes in phase on N3 could be attributed to the light pulse 
administered at the end of N2.
The BW light and SW light pulses both resulted in significant phase advances in the 
Meloff50% on N3 compared to the DW light condition.
4.5.1.1 Differential phase shifts in melatonin onset and offset
The Melon50% and Meloff50% did not shift in parallel in response to a phase 
advancing high intensity white light or low intensity short wavelength pulse. The 
phase advance was significantly larger in the Meloff50% than in the Melon50% after 
both the BW and SW light (section 4.4.1). Following exposure to a SW light pulse 
the phase shift observed in Melon50% was more variable between subjects than the 
phase shift in Meloff50% (Figure 4.3). This suggests that there is not a consistent 
response in the Melon50% marker between subjects immediately following a phase 
advancing light pulse.
This differential response of the melatonin onset and offset has been previously 
observed following white light exposure with a 6-hour morning light pulse advancing 
melatonin offset 118 + 13 minutes compared to 100 + 20 minutes in the melatonin 
onset (Buresova et al., 1991). The non-parallel, light-induced phase shifting of the 
melatonin onset and offset has previously been attributed to the presence of two 
oscillators, morning (M) and evening (E), which through coupling form the circadian 
pacemaker (Illnerova and Vanecek, 1982) (section 1.3.6). It has been proposed that 
the melatonin offset, a phase marker for the M oscillator, is more sensitive to phase
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advancing light pulses whereas the melatonin onset, a phase marker for the E 
oscillator, is more responsive to phase delaying light pulses. The dual oscillator 
model fits well with our current data in that light administered to phase advance 
produced a signficantly larger phase advance in the melatonin offset (M oscillator). 
The light pulse centred at CT 4.2 would have affected the M oscillator, which in 
response immediately shifted as shown by a large phase advance in the melatonin 
offset.
It is postulated that when one of the oscillators is targeted it shifts instantaneously but 
that subsequent interactions between the two oscillators are required for the other 
oscillator to shift in the same direction (Daan et al., 2001). Thus in our protocol it 
appears that the M oscillator shifted immediately in response to the light pulse at CT 
4.2. As the M oscillator is thought to have less influence on the E oscillator than vice 
versa (Illnerova and Vanecek, 1982) it probably took several transient cycles for the E 
oscillator and therefore the Melon50% to be advanced. The coupling strength 
between the M and E oscillators would determine the rate at which the E oscillator 
was advanced and this would explain the variable response in Melon50%. Ideally, we 
should have measured the Melon50% for several days after the light pulse was given 
to determine whether the Melon50% advanced to a similar magnitude as the 
Meloff50% and the number of transient cycles involved. It was not possible to 
measure the melatonin phase markers on subsequent days as there were limitations on 
the blood volume that could be taken from the subjects.
The existence of 2 oscillators is supported by the 2-state model of the human 
circadian system, whereby a diurnal and nocturnal state alternate with each other and 
the transitions between these states are switch-like and are separately entrained to 
dusk and dawn (Wehr et al., 2001). The separate entrai nment of two oscillators to 
dusk and dawn allows the pacemaker to adjust the duration of the nocturnal portion of 
a profile, such as melatonin production, with seasonal changes in night length. In 
humans the transitions between diurnal and nocturnal states of one group of rhythms, 
in melatonin secretion, core body temperature, sleepiness and sleep propensity, all 
coincide (Wehr et al., 2001). The transitions of a second group of rhythms, in sleep 
and plasma cortisol levels, coincide but this transition lags that of the first group of 
rhythms (Wehr et al., 2001). Interestingly the crossover point of the light PRC at the
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Tmin coincides with the biological dawn where this switch-like transition occurs 
(Wehr et al., 2001) and therefore the direction of a light-induced phase shift alters as 
the body shifts from a nocturnal to a diurnal state. This suggests that there is an 
endogenous 'switch' that triggers the change to diurnal state and the response of the 
clock to light. The dawn and dusk 'switches' may be controlled by separate 
oscillators.
It has been suggested that the M and E oscillators may have different PRCs to light 
with a larger advance region in the M PRC and a larger delay region in the E PRC 
(Illnerova and Vanecek, 1982). Khalsa et al. (2003) plotted PRCs for melatonin 
acrophase, Melon and MelOff, which all showed similar waveform characteristics. 
The peak to trough amplitude of the Melon PRC was 5.41 h and for the Meloff PRC 
was 4.60 h, with the size of the maximum phase delay being smaller in the MelOff 
PRC, as would be expected. Interestingly the phase advances were larger in the 
Melon than in the Meloff, which does not follow the pattern predicted by the M and E 
oscillator model. For all 3 melatonin phase markers a phase advance of 
approximately 2 hours was observed following a light pulse centred at CT 4 (Khalsa 
et al., 2003). The fact that the melatonin onset and offset shifted to a similar 
magnitude could be a reflection of the strength of the light pulse or the strength of 
coupling between the two oscillators. In addition, in the study by Khalsa et al. (2003) 
the post-stimulus assessment occurred a full circadian cycle after the light pulse, 
unlike the current study, which may have given the markers more time to realign and 
exhibit the true phase shift.
As well as having different PRCs it is also feasible that the two oscillators utilise 
different phototransduction mechanisms with different spectral sensitivities. For 
example, Drosophila exhibit bimodal activity patterns, due to a two oscillator system, 
but whereas the E oscillator is controlled by period clock gene and entrained by CRY, 
the M oscillator is independent of the period gene and is entrained by the compound 
eyes and not CRY (Helfrich-Forster, 2001). A similar system of control and 
entrainment could exist in mammals with the wavelength of maximum sensitivity for 
the photoreceptor systems associated with the M and E oscillators relating to and 
optimised to the spectral composition of light at dawn and dusk. This could reflect 
the use of 2 separate photoreceptors with different spectral sensitivities; one
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photoreceptor associated with the M oscillator and the other with the E oscillator. 
Alternatively there could be different combinations of photoreceptors operating at 
dusk and dawn.
It has recently been shown that light-induced expression of a specific mPer gene in 
the shell region of the SCN determines the direction of the phase shift. (Yan and 
Silver, 2002) (section 1.3.4.2.3). Whilst the differential induction of the mPerl and 
mPer2 genes could reflect circadian changes within the SCN it could also signify that 
there are two different photic inputs to the SCN which trigger the expression of a 
specific gene. The SCN may have a circadian gating so that it will only respond to a 
photic system at a particular circadian phase. It is possible that these two photic 
inputs have different spectral sensitivities or sensitivity thresholds, relating to dusk 
and dawn, which could essentially act as a 'circadian gate1 and determine when they 
are able to send signals of sufficient strength to induce the specific mPer gene and 
appropriate phase shift.
4.5.1.2 The phase shifting ability of short wavelength light
The phase advances observed in the melatonin acrophase and MelofF50% following 
the BW light were not significantly different from those observed with the low 
intensity SW light even though the BW light contains 185-fold more photons than the 
SW pulse. This finding suggests that it is the short wavelength component of the 
white light pulse that is responsible for the phase shifting effects of white light. The 
circadian phase shifting response thus exhibits short wavelength sensitivity and this 
implies that the visual 3-cone photopic system is not the primary photic input for the 
circadian system and photic resetting.
The SW light pulse was not a true monochromatic light pulse and therefore the phase 
shifting response cannot be attributed to a specific wavelength. The SW pulse had 2 
peaks: one peak had X,mx 436 nm and comprised 65% of the light transmitted and the 
other peak (35% of light transmitted) had Xmax 456 nm. The SW pulse ranged from 
432 - 464 nm which covers the region of the spectrum (446 - 477 nm) that is most 
potent at suppressing melatonin production (Brainard et al., 2001b; Thapan et al., 
2001). The phase shifting and light-induced melatonin suppression responses thus
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exhibit similar short wavelength sensitivity, which suggests that they may be 
mediated by the same photoreceptive mechanism. However, before this conclusion 
can be drawn a true action spectrum for phase shifting needs to be constructed from 
fluence response curves, or the relative efficacy of equal photon density light pulses 
of different wavelengths should be assessed (Chapter 5).
Both action spectra for light-induced melatonin suppression fit an opsin-based 
photopigment template ( X m ax  around 460 nm) and exhibit univariance in the irradiance 
response curves (Brainard et ah, 2001b; Thapan et ah, 2001). This univariance of the 
irradiance response curves is consistent with but does not prove that melatonin 
suppression is modulated by a single photoreceptor (Brainard et ah, 2001b). Indeed 
one of the action spectra exhibits an enhanced response at 424 nm which suggests that 
there may be an additional input from the S-cone (Thapan et ah, 2001) (section
1.7.8.1). Action spectra for phase shifting in rodents fit an opsin-based photopigment 
template suggesting that the response is mediated by a single photopigment 
(Takahashi et ah, 1984; Provencio and Foster, 1995). However, it is now known that 
rods, cones and a melanopsin-based photoreceptive system all contribute to the phase 
shifting response in mice (Hattar et ah, 2003). The phase shifting response in wild- 
type mice has a maximal sensitivity of 511 nm (Provencio and Foster, 1995) whilst in 
rd/cl mice it is 481 nm (Hattar et ah, 2003) demonstrating that the normal response in 
mice reflects the input of all three photopigments. Therefore an action spectrum 
fitting an opsin-based photopigment template may not mean that a single 
photopigment is responsible for the response seen. It must be noted that factors such 
as compensatory increases in the amount of remaining photopigments, as well as the 
potential for different retinal structure and filtering may influence the spectral 
sensitivity of knockout models. The conditions under which measurements are made 
may also influence the response seen, as the photopigments may contribute 
differentially to the phase shifting response depending on the environmental lighting 
or previous light history. Whilst it is obviously not possible to knockout rods and 
cones in humans it would be interesting to assess the spectral sensitivity of an 
irradiance light response, such as melatonin suppression, in specifically characterised 
visually blind individuals with some degree of light perception to see if the maximal 
sensitivity is altered.
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Although melatonin suppression and phase shifting demonstrate a similar short 
wavelength sensitivity the actual photoreceptors and processing pathways involved in 
these responses may be different. The two responses exhibit different sensitivity 
thresholds and dynamics (Nelson and Takahashi, 1991a; Zeitzer et al., 2000) which 
could reflect different relative contributions of multiple photoreceptors or different 
processing mechanisms. Examination of the spectral sensitivity of the phase shifting 
response and other irradiance dependent light responses, such as alertness and acute 
elevation of temperature, may reveal if there is a universal non-image forming 
irradiance dependent photoreceptor system utilised by all these responses.
4.5.1.3 Synoff
Synoff is thought to be temporarily closer to the endogenous mechanism signalling 
the offset of melatonin production than the Meloff marker and therefore is thought to 
be a more appropriate marker of endogenous phase (Lewy et al., 1999). The phase 
shifts in the melatonin Synoff following the light pulses showed a similar pattern to 
the other melatonin phase markers with a phase delay following the DW light pulse 
and phase advances following both the BW and SW light pulses. The magnitude of 
the phase shifts in the Synoff were not as large as those observed in the Tmin of 
Meloff50% but were similar to the shifts observed in the melatonin acrophase. 
However, there was a large inter-subject variation in the phase shifts observed in the 
Synoff which could suggest that it is influenced by other non-clock mechanisms such 
as pineal function and therefore is not a reliable marker of phase.
Previous comparisons of melatonin phase markers revealed that the Meloff markers 
calculated by a variety of methods were all well correlated but that none of them were 
correlated with Synoff (Lewy et al., 1999). This was proposed to mean that the 
Synoff marker represents something different than the Meloff marker (Lewy et al., 
1999). The phase shifts in the Meloff50% and Synoff were not significantly 
correlated in the current study. Therefore in the results described here the 
parameter(s) influencing the Synoff marker may not have consistently responded by 
N3 and could be experiencing transiency which would explain the observed inter­
subject variation in response.
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An advantage of Synoff is that it is not confounded by amplitude unlike Meloff which 
is affected by amplitude in 2 ways: firstly the higher the melatonin peak, the longer it 
takes to fall to baseline and, secondly, the melatonin half-life will affect the position 
of Meloff (Lewy etal., 1999). The 50% method used to calculate Meloff takes 
account of amplitude and therefore any changes in amplitude between study nights 
should not influence the timing of Meloff50%. The phase shifts in Synoff follow a 
similar pattern to the phase shifts in Meloff50% and can therefore be used as a marker 
to support the existence of phase shifts in the other melatonin phase markers.
4.5.1.4 Phase shifts in temperature and melatonin phase markers 
Both the BW and SW light pulses resulted in phase advances in Tmin timing on N3 
whereas the DW light pulse resulted in a phase delay. These results therefore 
followed the same pattern as the phase changes in the melatonin phase markers. 
Comparison of the reliability of different phase markers has revealed that plasma 
melatonin data produces less variable markers than core body temperature and 
cortisol data (Klerman et al., 2002). The pacemaker affects these output rhythms by 
different mechanisms and the markers are subject to different masking influences so 
that the variance and resolution of these markers would be expected to differ 
(Klerman et al., 2002). This differential control could also mean that the markers are 
differently affected by transiency and may each exhibit a distinct number of transient 
cycles before they become realigned with the pacemaker following a phase shifting 
light pulse. The circadian melatonin rhythm is the result of a circadian rhythm in the 
activity of the enzyme A AN AT, the rate-limiting step in melatonin synthesis (Klein 
and Weller, 1970). Dynamic regulation of melatonin, via a balance of regulated 
production and release combined with rapid hepatic destruction, means that the 
melatonin profile provides a very precise marker of phase. The temperature rhythm is 
influenced by the circadian pacemaker and thermoregulatory feedback, which 
increases its variability as a phase marker. Therefore when trying to detect phase 
shifts of small magnitude, in response to light pulses of low intensity, or distinguish 
the phase shifting effects of different wavelengths of light the CBT rhythm may not 
provide sufficient resolution. However, there are advantages of using the core body 
temperature rhythm as a second circadian phase marker. The temperature data can be 
used to confirm and add weight to the melatonin data and in addition, the phase
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relationship between the 2 markers can be assessed to see if this is altered following a 
light pulse.
The relationship between the Tmin and melatonin acrophase was assessed before and 
after the phase shifting light pulse. The relationship remained fairly consistent 
following the dim white light pulse which would be expected as this light pulse did 
not phase advance the melatonin or temperature rhythms. Following both the bright 
white and short wavelength light pulses the relationship between the 2 markers was 
altered in the majority of subjects. This could reflect the fact that the 2 markers are 
differentially coupled to the circadian pacemaker and therefore take a different 
number of transient cycles to become realigned with the shifted pacemaker. 
Alternatively this difference in response could be due to the variability in the 
temperature phase marker.
4.5.2 Amplitude
The effect of light on the amplitude of a circadian rhythm is not as well characterised 
as the phase shifting effects of light and is often considered irrelevant to phase 
resetting experiments. Winfree (1970) reported that circadian amplitude is responsive 
to resetting stimuli and that it was possible to stop the oscillation or place it in a 
‘phase-less’ state if a light pulse, of sufficient strength, was applied at a specific phase 
known as the singularity point. In humans light applied at the crossover point of the 
PRC damped the amplitude of circadian markers, which suggested that a singularity 
point existed and that light stimuli can influence the circadian amplitude (Jewett et al., 
1991). Kronauer (1990) proposed a phase-amplitude model of the human circadian 
pacemaker, which assumes that the pacemaker acts as a limit cycle oscillator so that 
the amplitude gradually returns to normal following amplitude reduction of 
enhancement. Therefore a light stimulus can reset phase by strong amplitude 
suppression over a narrow, sensitive region of the PRC (Jewett et al., 1994). The 
singularity occurs at eh crossover point on the PRC and it is at this point that the 
human circadian system is proposed to switch from a nocturnal to a diurnal state 
(Wehr et al., 2001). The fact that the clock can be stopped or damped at this point 
could be due to the fact that it is going through complex nocturnal to diurnal changes. 
The clock may be unstable at this point and cannot phase shift completely in either 
direction so that the ‘phase-less’ state is an average of some components of the clock
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advancing whilst others delay. Alternatively a stimulus presented at the singularity 
point could require a phase advance or delay for correct adaptation so by damping the 
oscillation the clock will not shift in the ‘wrong’ direction. When a subsequent 
stimulus is presented the clock is then prepared to shift and can do so to a greater 
magnitude, which may be a compensatory mechanism for not shifting in response to 
the first stimulus.
rO
It is proposed that a given stimulus will induce phase shifts of greater magnitude 
when the amplitude of the pacemaker is low (Lakin-Thomas et al., 1991) and 
therefore the amplitude response to light stimuli makes the pacemaker more receptive 
or responsive to subsequent resetting stimuli. Analysis of 3-cycle light stimuli trials, 
compared to 1 and 2-cycle trials, revealed that the amplitude is greatly reduced after a 
2-cycle stimulus and then a subsequent 1-cycle stimulus induced phase advances of 
between 3 and 6 hours (Jewett et al., 1994). These phase advances were larger than 
those observed after a 1-cycle stimulus applied to near normal amplitude rhythms 
(Jewett et al., 1994) and therefore demonstrate that the amplitude of the rhythm could 
influence the response seen. Therefore circadian phase and amplitude must be 
considered together for a complete understanding of the resetting effects of light on 
the human circadian system. From these findings it might be expected that subjects 
with a low amplitude melatonin rhythm might exhibit larger phase shifts in response 
to a light pulse than subjects with a high amplitude rhythm. However, in the current 
study the magnitude phase shift and the amplitude of the melatonin rhythm on N1 
were not correlated.
The results presented here reveal that the amplitude of the plasma melatonin rhythm 
was significantly reduced on N3 compared with N 1 following the SW light pulse but 
not with the BW or DW light pulses. The SW light appears to influence both phase 
and amplitude of the melatonin rhythm. The amplitude response could reflect the 
mechanism by which the rhythm shifts and becomes re-entrained to a new phase. 
Alternatively the amplitude response could be an ecological adaptation in that the 
circadian system detects a change in the environmental light patterns and by a 
reduction in amplitude it is prepared to make significant changes in phase in response 
to subsequent resetting stimuli. Future experiments could be designed to investigate 
the response following one light pulse on day 3 and a second light pulse on day 4. A
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further reduction in amplitude may occur or the magnitude of the phase shift observed 
on night 4 may be dependent on the light condition in the first light pulse on day 3.
4.5.3 Acute effects of light
Bright light at night has an acute elevating effect on CBT which is observable within 
30 minutes of the start of the light exposure and this effect has been observed between 
24:00 and 09:00 h (Badia et al., 1991). Continuous exposure to bright light at night 
maintains the CBT at a constant elevated level (Badia et al., 1991). The effect of 
different wavelengths of light at inhibiting the nocturnal fall in CBT has been 
assessed using fluorescent tubes with peak emittance at 610, 540 and 430 nm (Morita 
et al., 1995). The 540 and 430 nm significantly prevented the fall in CBT as 
compared to the dim light control and 610 nm light conditions, but there was no 
difference between the 540 and 430 nm light. The light pulses were of equal lux and 
not equal photon density. In addition, these studies were carried out in women whose 
temperature profile is affected by the menstrual cycle and the oral contraceptive 
medication (section 1.4.4) and this may have influenced the results seen. The 
hormonal influence as well as the broadness of the spectral distribution of the 
fluorescent light sources and the use of equal lux pulses rather than equal photon 
density may be the reasons why the effects of 540 and 430 nm were indistinguishable. 
The current results demonstrate that early morning BW and dim SW light, 
administered immediately after habitual waketime, is able to elevate CBT. Whilst the 
increase in the slope of the rising limb of the temperature profile on N2 compared to 
N1 did not quite reach statistical significance there was a definite trend for an increase 
in the slope during the BW and SW light pulses. The lack of statistical significance in 
these differences may be attributable to the small sample size in each group.
However, this observation suggests that the elevation of CBT is another marker that 
can be used to assess the acute effects of light. The fact that this response appears to 
exhibit a similar short wavelength sensitivity as the phase shifting and light-induced 
melatonin suppression responses adds evidence to the hypothesis that all irradiance 
dependent responses are mediated by the same photoreceptor(s).
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4.5.4 Implications of the short wavelength sensitivity of the phase shifting 
response
Light treatment of circadian rhythm disturbances, such as jet lag and shift work, 
utilises high intensity white light of up to 10 000 lux (section 1.7.10). These lights are 
therapeutically effective but are often associated with side effects such as visual glare, 
visual fatigue, photophobia and headaches (Brainard et al., 2001b). Knowledge of the 
spectral sensitivity of the phase shifting response will result in the use of light of 
reduced intensity as the therapeutic light pulses will be designed to only contain the 
optimal wavelengths. This study has demonstrated that low intensity short 
wavelength light is as effective as high intensity white light in phase advancing the 
human circadian system. Therefore low intensity short wavelength light could be 
used to treat circadian rhythm disturbances that require phase advances (e.g. delayed 
sleep phase insomnia or jet lag following eastward flights) instead of bright white 
light. Field trials would be required to test the effectiveness of dim SW light in such 
conditions. It needs to be demonstrated that the phase advance and delay responses 
exhibit similar spectral sensitivity before short wavelength light is used to treat all 
circadian disturbances. A recent publication by Lockley et al. (2003) demonstrated 
that 460 nm light was more effective at phase delaying the human circadian system 
than an equal photon density 555 nm pulse. This suggests that both the phase advance 
and phase delay responses exhibit a similar short wavelength sensitivity.
Human tau is, on average, greater than 24-hours and requires daily advances to 
remain entrained. The knowledge of the spectral sensitivity of the advancing 
response is therefore of particular relevance for individuals to remain entrained to a 
24-hour society in dim light environmental conditions, such as winter, where free-run 
may occur. The short wavelength sensitivity observed may relate to the spectral 
composition of light at dusk and dawn, when entraining phase shifts and switching 
between nocturnal and diurnal states occur. At dawn and dusk there is a relative 
enrichment of shorter wavelengths (<500 nm) compared to the mid-long wavelengths 
(500 - 650 nm) (Roenneberg and Foster, 1997).
It is known that a major factor preventing shift workers from adapting to night shifts 
is the phase advancing light they receive in the morning when commuting home 
(Eastman et al., 1994). Therefore it may be possible in future to design goggles for
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night shift workers to wear on their commute home in the mornings that filter out the 
maximally effective short wavelength light. Avoidance of short wavelength light 
should help them adapt to their altered schedule but future studies will be required to 
test these possibilities.
In conclusion, the current data demonstrate that a very low intensity short wavelength 
light pulse (8 lux) is able to phase advance the human circadian system to a similar 
magnitude as a bright white light pulse (12 000 lux) containing 185-fold more 
photons. This finding suggests that the human circadian system is particularly 
sensitive to the phase advancing effects of short wavelength light and that the visual 
photopic system is not primarily involved.
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5. SPECTRAL SENSITIVITY OF THE PHASE SHIFTING RESPONSE 
5.1 INTRODUCTION
The spectral sensitivity of the human phase shifting response has not been fully 
characterised (section 1.7.7). Work investigating light-induced melatonin suppression 
has suggested that there is a novel photopigment in the human eye mediating this 
response, which is short wavelength sensitive (section 1.7.8.1). However, it has not 
been proven that the circadian system utilises the same photoreceptive system (section
1.7.8.2). Work in mice has suggested that all non-visual irradiance dependent 
responses are maximally sensitive to around 480 nm and that the rod-cone system and 
a melanopsin-based system are the exclusive light detecting systems in the eye for 
such responses (sections 1.6.3, 1.6.3.1 and 1.6.3.4). The data in chapter 4 
demonstrate that the human phase advancing response also appears to be short 
wavelength sensitive. However, in order to confirm that the same photoreceptor, or i 
combination of photoreceptors (e.g. rod, cones and novel photopigment), is mediating 
the melatonin suppression and phase shifting responses the relative efficacy of a range 
of wavelengths at phase shifting needs to be tested.
: I
To assess properly the wavelength sensitivity of the human phase shifting response a 1 
true action spectrum, using fluence response curves, would need to be constructed. 
This would not be possible in a 3-year timeframe. However, it is also possible to 
assess the spectral sensitivity of the response by constructing an equal intensity action 
spectrum that uses only a single fluence at each wavelength (section 1.5.7). Both 
these types of action spectra assume monotonicity of the fluence response and if this 
is not the case then the action spectrum may provide a false indication of the spectral 
sensitivity. However, administration of equal photon density light pulses of different 
wavelengths and construction of an equal photon density action spectrum can be used 
to assess the spectral sensitivity of the human phase shifting response.
5.2 AIMS
The current study aimed to investigate the effectiveness of a range of monochromatic 
wavelengths at phase advancing the human circadian system. This would assist in the 
determination of the spectral sensitivity of the phase shifting response and in 
identification of the optimal wavelength for use in light therapy for circadian rhythm
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disturbances. In addition it would establish if the phase shifting and melatonin 
suppression responses exhibit similar spectral sensitivities. The action spectra for 
melatonin suppression are shown in Figure 5.1.
The phase shifting ability of 4 different wavelengths of monochromatic light was 
assessed: 420, 440, 470 and 600 nm. Due to time restrictions and limitations on blood 
sampling it was not possible to construct fluence response curves for each 
wavelength. Therefore equal photon density light pulses were administered so that 
the phase shifting ability of the different wavelengths could be directly compared.
The current study aimed to determine 2 parameters of the phase shifting response to 
light. Firstly, in order to assess if there was an irradiance dependent response 2 
different photon densities of 440 and 600 nm were tested. To assess the wavelength 
dependency of the response 420, 440 and 600 nm light pulses (2.32 x 1013 
photons/cm2/sec) along with 440, 470 and 600 nm light pulses (6.21 x 1013 
photons/cm2/sec) were compared. The wavelengths studied were specifically selected 
since if the human phase shifting response exhibits a similar spectral sensitivity to the 
melatonin suppression response 470 nm should produce maximal phase shifts and 
there should be a rank of effectiveness in the remaining wavelengths.
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The photon densities were chosen to try to produce detectable phase shifts and were 
based on the melatonin suppression response and on the data described in Chapter 4:
a) The highest photon density of 6.21 x 1013 photons/cm2/sec was used in the short 
wavelength study (Chapter 4) and had been shown to elicit phase shifts of 
sufficient magnitude to be detected.
b) From the light-induced melatonin suppression data (Thapan, 2001) maximal 
melatonin suppression was achieved at 424 nm (55%) with 2.26 x 1013 
photons/cm2/sec, at 456 nm (65%) with 6.65 x 1013 photons/cm2/sec and at 472 
nm (67%) with 5.23 x 1013 photons/cm2/sec. Therefore if the melatonin 
suppression and phase shifting response exhibit similar irradiance response 
dynamics and spectral sensitivity then the photon densities producing maximal 
suppression at each wavelength would be predicted to produce detectable phase 
shifts. In addition, the 2 photon densities chosen produce distinguishable 
suppression at 456 (51% and 65%) and 548 nm (6% and 36%) so it was hoped 
that a similar irradiance response would be seen with the 440 and 600 nm light 
pulses studied here.
5.2.1 Hypotheses
H0: If the wavelengths show a similar rank in the order of effectiveness in the phase 
shifting response as the melatonin suppression response then a similar photoreceptor 
system may be involved.
Hi: If the wavelengths show a different rank in the order of effectiveness in the phase 
shifting response compared to the melatonin suppression response then different 
photoreceptor systems may be involved in the 2 responses.
If the human phase shifting response exhibits a similar short wavelength sensitivity to 
the melatonin suppression response (A,max around 460 nm) then, of the 4 wavelengths 
tested here, 470 nm light would be predicted to be the most effective wavelength and 
600 nm would be the least effective wavelength. However, it is important to note that 
although the action spectra for melatonin suppression fit an opsin-based photopigment 
template the relative efficacy of the wavelengths does not necessarily follow the 
pattern predicted by the template (Figure 5.1). For example, in one of the action
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spectra 440 nm was more effective than 460 and 480 nm despite the fact that the Xmax 
predicted by the template was 464 nm (Brainard et ah, 2001b). In the other action 
spectrum, which was corrected for pre-receptoral filtering by the lens, 424 nm was 
more effective than 456 nm, although the Xmax was 459 nm, and this increased 
sensitivity at 424 nm was postulated to reflect a contribution from the S-cone (Thapan 
et ah, 2001). These melatonin suppression data highlight the fact that the order of 
effectiveness of different wavelengths may not reveal the true spectral sensitivity of 
the response and, if  possible, a photopigment template should be fitted to the data.
The order of effectiveness may be further complicated if more than one photopigment 
is involved. ^
When interpreting the spectral sensitivity of the phase shifting response pre-receptoral 
filtering will need to be taken into account. The actual amount and spectral 
composition of light that reaches the retina is substantially different to the stimulus 
presented at the cornea due to pre-receptoral filtering by the lens and macular 
pigments, which absorb mainly short wavelength light (see section 1.7.9.1). This 
means that the retinal illuminance will be different to the corneal illuminance and this 
will need to be accounted for as it may alter the rank of effectiveness of the 
wavelengths.
5.3 METHODS
5.3.1 Subjects
A total of 12 male subjects aged 26.4 + 1 years (mean + SEM) were studied in 40 
phase shifting sessions. The protocol and the light equipment used are described in 
sections 2.3 and 2.5.2, respectively. A summary of the number of subjects, and 
subject codes, studied at each wavelength and photon density is given in Table 5.1. 
Details for each subject are given in Appendix 4. Over the study sessions 1 subject 
(S24) received 1 light condition, 3 subjects (S16, S18, S20) received 2 light 
conditions, 1 subject (S23) received 3 light conditions, 2 subjects (S7, S14) received 4 
light conditions, 3 subjects (S4, S I5, S22) received 5 light conditions and 1 subject 
(SI9) received 6 light conditions.
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Table 5.1 The number of subjects studied under each light condition.
Wavelength (nm) 2.32 x 1013 
photons/cm2/sec
6.21 x 1013 
photons/cm2/sec
420 7
(S4, S7, S14, S15, S16, 
S18,S19)
440 6
(S4, S7, S14, S15, S19, 
S22)
8
(S4, S7, S14, S15, S16, 
S19,S22,S23)
470 8
(S4, S7, S I5, S I9, S20 
S21,S22,S23)
600 2
(S19,S22)
10
(S4, S14, S15, S18, S19, 
S20,S21,S22,S23,S24)
5.3.2 Light administration
The light exposure regime (section 2.3.3) involved subjects alternating their gaze 
between 10 minutes of the monochromatic light and 5 minutes of the dim white light 
(< 2 lux in the angle of gaze, maximum 8 lux if staring up at overhead lighting) in the 
CIU. Therefore the number of photons of monochromatic light received during the 4- 
hour light pulse can be calculated by multiplying the photon flux (photons/cm2/sec) 
by 9600, the number of seconds of monochromatic light during the light pulse ((10 x 
4 x 4  minutes) x 60 seconds) (section 2.4.1). The subjects received a total of:
a) 2.23 x 1017 photons of monochromatic light for the photon density of 2.32 x 1013 
photons/cm2/sec
b) 5.96 x 1017 photons of monochromatic light for the photon density of 6.21 x 1013 
photons/cm2/sec.
The irradiance (pWcm"2) and lux values for each light condition are given in Table 
5.2.
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Table 5.2. The irradiance (jnWcm"2) and lux measurements for the light pulses used
Wavelength (nm) 2.32 x 10^ 
photons/cm2/sec
6.21 x 101J 
photons/cm2/sec
pWcm"2 Lux pWcm"2 Lux
420 11 0.7
440 10.5 2 28.1 4
470 26.3 17.5
600 7.7 3 20.6 9.6
The powermeter used to measure the irradiance of the light pulses (R203, Macam 
Photometries Ltd., Scotland) exhibited a spectral variation in its light detection. It is 
calibrated to 550 nm and thus when measuring monochromatic light at other 
wavelengths, correction factors had to be applied to determine the true irradiance.
The correction factors are shown in Appendix 6.
5.3.3 Calculation of phase shifts
Circadian phase was determined from the plasma melatonin and CBT rhythms and 
phase shifts were initially calculated by comparing the timing of phase markers on N3 
and N1. Three melatonin phase markers were calculated by the mid-range crossing 
method (section 2.6.2.1): Melon50%, Meloff50% and melatonin acrophase. In 
addition, the Synoff melatonin phase marker was calculated but if the profile was 
particularly spikey then it was not possible to calculate this marker. The amplitude of 
the melatonin rhythm was calculated using cosinor analysis. Tmin, calculated by the 
10 lowest values method (section 2.6.3.2), was used as a temperature phase marker.
To ensure that the N1 data, used in the calculation of phase shifts, was reliable the 
timing of the N1 Melon50% was used to establish the circadian phase of the subject. 
For subjects completing more than 1 study session the N1 Melon50% could be 
compared between sessions to confirm that the timing of the phase marker was typical 
of that subject. In addition, the change in timing of the Melon50% from N1 to N2 
was assessed to confirm the reliability of the N1 data and to determine if there was 
any drift in the dim environmental CIU lighting.
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Limits were set that were considered acceptable for phase changes from N1 to N2 to 
ensure that the N1 data used in the phase shifting calculations was reliable. As it is 
more likely that phase delays will occur from N1 to N2, due to free-running rhythms, 
a delay of up to 60 minutes from N1 to N2 was allowed. A phase advance from N1 to 
N2 may indicate that the clock was naturally advancing (tau < 24 hours) and this 
could result in a phase advance on N3, compared to N l, being attributed to the light 
pulse when it is in fact due to tau < 24 hours. Therefore an advance of 30 minutes 
from Nl to N2 was allowed. If an advance from Nl to N2 was observed then the raw 
plasma melatonin profiles were visually inspected, and if  possible compared to 
previous profiles, to be sure that N l or N2 was a reliable baseline. If either the 
advance or delay limits were exceeded but visual inspection of the profiles revealed 
that it was N2 that was atypical then this was disregarded, as N2 was not used in 
further analysis. If N l was unreliable then N2 was substituted and used in the phase 
shifting calculations.
5.3.3.1 Extrapolated N3 phase markers
As human tau is on average greater than 24-hours the melatonin phase markers would 
be expected to exhibit a daily phase delay or ‘drift’ from N l to N2 and again from N2 
to N3. Therefore the phase advancing light pulse administered at the end of N2 may 
serve to prevent the ‘delay’ drift from N2 to N3 instead of producing an obvious 
phase advance. One method of correcting for the effect of the endogenous drift 
involves estimating the timing of the melatonin phase markers on N3 in the absence 
of the light pulse on N2 and assuming that the daily phase delay occurred from N2 to 
N3. This extrapolated N3 value could then be compared to the actual measured N3 
value to determine how the light pulse on N2 has altered what would have occurred 
on N3. If the light pulse has had no real effect then the extrapolated and measured N3 
phase markers will be similar but if the light pulse has prevented or reduced the daily 
phase delay then the measured N3 phase markers should be advanced relative to the 
extrapolated markers. Calculation of phase shifts by comparing the extrapolated 
marker to the measured marker is the classical method of determining phase shifts 
described by Aschoff (1965) and therefore it seems a valid approach to take in the 
current protocol.
Spectral sensitivity o f the phase shifting response 225
For each individual in each phase shifting light session the phase change in the 
Melon50% from N1 to N2 was calculated. This drift in the Melon50% was used to 
estimate the daily phase delay as this was not influenced by the acute effect of the 
light pulse at the end of N2. For each phase marker the phase change from N1 to N2 
was added or subtracted, depending respectively on if a delay or advance was 
observed, to the N2 phase markers to obtain extrapolated N3 values. Phase shifts 
(minutes) were then computed by comparing the measured and extrapolated N3 
values. If the N1 data for an individual was not being used and the phase shifts were 
calculated by comparing N2 and N3 then the endogenous drift, from N1 to N2, could 
not be calculated. Therefore these subjects were not included in the N3 extrapolated 
analysis.
The N1 vs N3 phase shifting data combine results that use N1 and N2 as the baseline 
measurement which is not ideal and the data could be analysed separately. However, 
phase shifts calculated using extrapolated N3 phase markers only use data that have 
N1 as baseline and therefore the N3 vs N3 phase shifts may provide the best 
representation of the phase shifting response and can be used to confirm the NI vs N3 
phase shifting data.
5.3.4 Correction for pre-receptoral filtering
The light measurements (Table 5.2) for each light condition provide a measure of 
corneal illuminance. The actual retinal illuminance (an estimate of the number of 
photons presented to the photoreceptors) was calculated by taking into account the 
filtering by the lens using average lens density values (Stockman and Sharpe, 2000).
It was assumed that as the macular pigment is concentrated in the fovea and the RGCs 
projecting to the SCN are evenly distributed throughout the retina that macula 
pigment filtering was unlikely to alter the observed phase shifting response. Thus 
corrections were not applied for filtering by the macula pigment (Thapan et ah, 2001).
The filtering effect of the lens at a specific wavelength (x) was calculated by the 
following equation:
Optical density of the lens at x = log io 1
T
(where T is the lens transmission at wavelength x)
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The photon density at the retina was then calculated for each wavelength light pulse 
by multiplying the photon density at the cornea by the lens transmission value for that 
specific wavelength.
5.3.5 Statistical analysis
One way ANOVA was used to compare the ability of the different wavelengths to 
phase shift each of the phase markers used. The three wavelengths at the high photon 
density were also compared by a one-way ANOVA. Post-hoc analysis was used to 
determine which wavelengths were significantly different from each other. If the data 
were not significant then the light conditions were ranked in order of effectiveness 
and the pattern of response was discussed. Paired Student’s t-tests were used to 
compare the intra-subject phase shifts observed in the Melon50% and Meloff50% 
following a particular light pulse. These tests were also used to compare the amplitude 
of the melatonin rhythm on the 3 study nights within subjects. Unpaired Student’s t- 
tests were used to compare the phase shifts in the Meloff50% between all the high 
photon density light pulses and also between the low photon density 440 and 420 nm 
light pulses. 2-tailed tests were used unless otherwise stated.
5.4 RESULTS
5.4.1 Sample size
The individual melatonin plasma profiles for all subjects in all the phase shifting 
sessions are shown in Appendices 8a -  8f. Due to problems with some of the 
melatonin data, such as aberrant profiles or insufficient data on N3 due to missing 
samples, it was not possible to determine circadian phase parameters for all subjects. 
The final number of subjects (n = 35), whose melatonin data could be used in 
analysis, for each light condition is given in Table 5.3. The subject profiles that were 
not used, along with the reason for exclusion, are given in Appendix 7.
In some cases (S15L5, S7L12) the Meloff50% and acrophase could not be calculated 
due to missing samples on N3 but the Melon50% was calculated. Therefore the phase 
shifts in Melon50% for these subjects could be included in the analysis. For 420 nm 
(2.32 x 1013 photons/cm2/sec) and 470 nm (6.21 x 1013 photons/cm2/sec) the sample 
size for the phase shifts in the Melon50% marker is greater than the sample size for 
the phase shifts in the Meloff50% and acrophase. If the phase shifts in Melon50%
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were not used it was possible in some cases (S22L10, S22L11, S22L12) to include the 
N1 MelonS 0% phase marker in the assessment of whether the pre-study S/W cycle 
was successful at entraining the subjects to a similar phase.
Table 5.3 Final number of subjects analysed under each light condition.
Wavelength (nm) 2 3 2 x 1 0 "
photons/cm2/sec
6.21 x lO 13 
photons/cm2/sec
420 6 \
(S4,S7,S14,S15,S18,
S19)
440 5
(S4, S7, S14, S15, S19)
6
(S4, S14, S15, S16, S19, 
S23)
470 7
(S4, S7, S I5, S I9, S20, 
S22,S23)
600 2
(S19,S22)
9
(S4, S14, S15, S18, S19, 
S20,S21,S23,S24)
In some subjects the final data point on N3 was not available due to missing samples. 
In some cases this resulted in it not being possible to calculate the Meloff50% on N3 
as the 50% value was not quite reached although the melatonin profile was 
descending. Therefore an estimated N3 value, at 10:00 h for example, was calculated 
by averaging the N1 and N2 values at this time point and this was used in calculations 
of the timing of the Meloff50% phase marker. If the actual N3 value had occurred 
earlier than the estimated N3 value then this method would result in any phase 
advance being underestimated and therefore should not bias the results in the phase 
advance direction. This method was employed in 5 of the 35 phase shifting light 
sessions used in the analysis (S22L9, S7L5, S15L6, S15L10).
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5.4.2 N1 and N2 melatonin phase markers
The N1 MelonS 0% and the CT of administration of the light pulse, determined from 
the melatonin acrophase on N l, was used to establish if the pre-study fixed sleep- 
wake schedule was successful in entraining the subjects to the same circadian phase. 
Comparison of the MelonS0% on N l and N2 was used to assess if  there was any drift 
or change in circadian phase associated with the dim light conditions in the CIU and 
the potential to free-run.
Figure 5.2 shows the change in the timing of MelonS 0% from Nl to N2 for each 
subject in each phase shifting study sessions (n = 35). In general there was very little 
variation in the MelonS0% timing with a mean delay of 7 + 6 minutes (mean + SEM) 
from N l to N2. This confirmed that the subjects were in a stable circadian phase and 
that there was only slight drift in either direction (69% of subjects exhibited less than 
30 minutes change in the Melon50% timing).
From Figure 5.2 it can be seen that 5 out of 35 subjects exhibited very large changes 
from Nl to N2 which were not predictable even with drifts associated with free- 
running rhythms. These large phase shifts were not replicated in repeat study 
sessions. This suggests that, in these subjects, the N l or N2 profile may not be 
reliable. With subjects that completed more than one phase shifting study session it 
was possible to assess if the profiles and the large phase changes were typical of that 
subject by comparing the N l profiles on all the study legs that they completed.
If the Nl data was not reliable then phase shifts were calculated by comparing N2 and 
N3 phase markers. All of the N2 data was not routinely used to assess phase shifts as 
the light pulse at the end of N2 would have an acute effect on the melatonin profile, 
which could affect the timing of the Meloff50% and consequently the melatonin 
acrophase. However, the acute effect of light would, if  anything, result in the N2 
Meloff50% and N2 acrophase occurring earlier than they would do in the absence of 
light exposure. Therefore comparing the N2 and N3 markers would result in any 
phase advances from N2 to 3 being underestimated whilst any phase delays would be 
overestimated.
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Figure 5.2. The decimal time of Melon50% on Nl and N2 for individual subjects over 35 phase 
shifting sessions. Subjects with very large phase changes from Nl to N2 are marked in black and the 
subject number and study leg is given.
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From Figure 5.2 it can be seen that there were 3 very large delays and 2 large 
advances in the timing of MelonS0% from Nl to N2:
a) There was a delay of over 2 hours from N l to N2 for S7L6 (420 nm) and this was 
due to an aberrant melatonin profile on N l (Appendix 8a). Therefore phase shifts 
were computed by comparing N2 to N3.
b) There was a delay of over 70 minutes from N l to N2 for S14L5 (420 nm). The 
decimal time of MelonS0% on N l was 20.93 h and as the average N l MelonS0% 
for the remaining 3 legs (legs 6, 10 and 11) that the subject participated in was 
22.87 ± 0.54 h it appears that the N l profile for leg 5 was atypical. Therefore 
phase shifts were computed by comparing N2 to N3 for leg 5.
c) There was a delay of 60 minutes for S20L7 (470 nm) but visual inspection of the 
profiles (Appendix 8e) revealed that there were no obvious anomalies. In 
addition, the subsequent study session also showed a delay of approximately 40 
minutes and so N l was used in analysis.
d) There was an advance of 42 minutes for S16L8 (440 nm) but this was due to a 
steep slope in the melatonin profile on N2 due to missing samples. As N2 was not 
used in further analysis this did not influence calculations of the phase shift.
e) There was an advance of 37 minutes for S23L9 (470 nm) and this was due to an 
atypical profile on N l (Appendix 8e). Phase shifts were thus computed by 
comparing N2 to N3.
5.4.2.1 N l Melon50%
Once the atypical profiles and anomalies had been removed from the data set it was 
possible to determine the MelonS0% on N l and also the CT of administration of the 
light pulse. The timing of Melon50% on N l for all subjects in all study sessions is 
shown in Table 5.4. For those subjects where N2 was used as the baseline (n = 3) 
instead of N l the N2 MelonS 0% values were used and are shown in Table 5.4. For 
S4 and S7 the Nl data from the study sessions of the short wavelength study, 
described in Chapter 4, were also included. In addition, as SI, S3 and S5 were 
studied on more than 1 study leg in the short wavelength study their data was included 
to assess if the MelonS0% was consistent between study sessions.
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The overall mean decimal time for the N l Melon50% was 23.42 + 0.36 h (mean 
± SEM)(n = 15). For all subjects the coefficient of variation in their N l MelonS0% 
was less than 7%. These findings confirm compliance with the protocol and that the 
subjects were stably entrained. Between consecutive study sessions, which were 
normally 2 weeks apart, during which time the subjects maintained the fixed sleep- 
wake schedule, the coefficient of variation was less than 5% in all subjects. This 
shows that following the phase advancing light pulse in the first study session the 
subjects had become re-entrained to the correct circadian phase before the start of the 
second session.
S.4.2.2 CT of administration of the light pulse
The CT of administration of the light pulse for all subjects in all study sessions is 
shown in Table 5.5. The mean CT of administration was CT 3.96 + 0.28 (mean 
± SEM) (n = 15) with a range from CT 1.78 -  5.70. Within subjects the CT 
administration was fairly consistent with a mean difference of 0.59 + 0.12 (mean + 
SEM) (n = 16) between consecutive study sessions.
5.4.3 Phase shifts
Figure 5.3 shows the phase shifts in each of the 3 melatonin phase markers in 
response to the six light pulses and demonstrates the range of phase shifts achieved in 
each of the light conditions. The mean phase shifts are tabulated in Table 5.6.
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Table 5.6. Phase shifts in minutes (mean + SEM) in melatonin phase markers 
following a phase advancing light pulse.
Photon density 
(photons/cm2/sec)
Wavelength
(nm)
Melon50% Acrophase Meloff50%
n nuns n nuns n nuns
2 .32x10" 420 6 -7.3 + 8.6 5 -11.8 ±7.3 5 -20 ± 6
2.32 x 10" 440 5 -15.6 + 7.6 5 -13.8 ±6.2 5 -12 ±11.3
2.32 x 10" 600 2 -35.5 ±16.5 2 -32 ± 20 2 -28 ± 24
6.21 x 10" 440 6 -7.5 ±10.8 6 -6.3 ±15.9 6 -4.5 ± 24.9
6.21 x 10" 470* 7 -10.3 ± 12.2 6 -5.2 ±12 6 7.5± 14.6
6.21 x 10" 600 9 -6 ±10.1 9 -2.1 ±7.3 9 -0.2 ±11.4
(* marks the statistically significant comparison between the phase shifts in 
Melon50% and Meloff50% (p < 0.05)).
Due to the small number of wavelengths studied at each photon density it was not 
possible to construct an action spectrum or fit photopigment templates to the data. 
However, from Figure 5.3 and Table 5.6 it can be seen that the observed phase 
shifting response varied with the wavelength and photon density of the light pulse. 
For each light pulse there was a high degree of inter-individual variation in the 
magnitude of the phase shift observed in all three melatonin phase markers. There 
was also a differential response of the 3 melatonin markers to each of the light pulses 
with the smallest phase delay (or greatest phase advance) observed in the Meloff50%. 
The only exception to this was the 420 nm light pulse where the smallest phase delay 
was observed in the Melon50%. The relative effectiveness of the different 
wavelength light pulses at phase shifting was assessed by comparing the light pulses 
of equal photon density.
Due to the small sample size in the low photon density (2.32 x 1013 photons/cm2/sec) 
600 nm light condition, it was not possible to include this condition in any statistical
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analysis. For the remaining 5 light conditions the data was normally distributed and 
therefore parametric tests were used. The observed phase shifts were not statistically 
significantly different between light conditions for the MelonS0% (F = 0.12, df = 32, 
p = 0.98), acrophase (F = 0.22, df = 30, p = 0.93) or Meloff50% (F = 0.43, df = 32, 
p = 0.78) as assessed by a one-way ANOVA.
Figure 5.4 shows the phase shifts in each melatonin marker relative to the photon 
density of the light pulse for each wavelength of light. Figure 5.5 shows the 
relationship between wavelength and phase shifts for each photon density used.
At the low photon density (2.32 x 1013 photons/cm2/sec) there were no significant 
differences between the phase shifts observed in the different light conditions. The 
data suggest that 420 nm light may be more effective than the 440 nm light at 
advancing the MelonS0% and acrophase but that 440 nm light may be the most 
effective at advancing the Meloff50%.
At the higher photon density (6.21 x 1013 photons/cm2/sec) the phase shifts observed 
in the MelonS0% and acrophase were very similar (Figure 5.4). However, in the 
Meloff50% there was a distinct, but non-significant, difference in the phase shifting 
abilities of the light pulses. The 470 nm light resulted in a phase advance of 7.5 ±
14.6 minutes (mean + SEM), whilst the 600 and 440 nm light pulses resulted in phase 
delays of 0.2 + 11.4 and 4.5 + 24.9 minutes (mean + SEM), respectively (Table 5.6).
With both the 440 and 600 nm light there was the suggestion of a dose dependent 
response for phase shifting with the higher photon density being more effective at 
phase advancing all the melatonin phase markers. These differences were not 
statistically significant for the 440 nm light for the Melon50% (unpaired Student’s t- 
test, T = 0.8897, df = 9, p = 0.5699), melatonin acrophase (T = 0.4051, df = 9, 
p = 0.6949) or Meloff50% (T = 0.2588, df = 9, p = 0.804). It was not possible to 
carry out statistical analysis for 600 nm as the sample size in the lower photon density 
condition was too small. The change in the magnitude of the phase shifts with the 
higher compared to the lower photon density was different for the 2 wavelengths.
With the 440 nm light there was a 7.5 minute difference between the shift observed in 
the Meloff50% marker with the higher photon density compared to the lower photon 
density but with the 600 nm light there was a 27.2 minute difference.
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The phase shifts in MelonS0% and Meloff50% were compared within subjects for 
each light condition using a paired Student’s t-test. The only significant result was 
with the 470 nm light pulse (2-tailed test, p = 0.05, 1-tailed test, p = 0.03, t = 2.57, df 
= 6) with the phase shifts in the Meloff50% being significantly larger than those in the 
MelonS 0%.
5.4.3.1 Intra-individual phase shifts
Figure 5.6 shows the individual phase shifts in response to different wavelength and 
photon density light pulses for each subject studied in more than one study session (n 
= 9). For all subjects the magnitude of the phase shift varied with the wavelength and 
photon density of the light pulse but they tended to show a consistent direction of 
response. For those subjects that always exhibited phase delays (S7, S I5, S20, S22) 
the magnitude of the shift varied with the light pulse administered. One interesting 
result was SI 9, who received all 6 light conditions. The size of the phase shift in 
MelonS0% was fairly consistent following all the light pulses (-21 to -11 minutes) but 
there was great variation in the phase shift observed in the Meloff50% (-30 to 39 
minutes). This suggests that in this subject it is the Meloff50% marker that is 
primarily exhibiting the response to the phase advancing light pulse. This is in 
agreement with that observed in Chapter 4 with the SW and BW light pulses. In S19 
for the high photon density light pulse the overall rank of effectiveness in phase 
advancing the Meloff50% was 470 > 600 > 440 nm (also seen in S4, S I5), which was 
also the trend observed in the mean data (Table 5.6).
Paired Student’s t-tests were used to compare pairs of light conditions that had been 
completed by 4 or more subjects. The phase shifts in the Meloff50% (S4, S7, S14,
S I9) with the lower photon density 440 and 420 nm light conditions were not 
significantly different (T = 0.3169, df = 3, p = 0.7721). For the higher photon density 
the phase shifts in the Meloff50% were not significantly different between any of the 
light conditions: 470 and 600 nm (S4, S15, S19, S20, S23) (T = 0.7122, df = 4, p = 
0.5157) 470 and 440 nm (S4, S15, S19. S23) (T = 0.3362, df = 3, p = 0.7588), 440 
and 600 nm (S4, S14, S15, S23) (T = 0.2014, df = 3, p = 0.8533).
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Figure 5.6. Individual (a - i) phase shifting responses to different wavelength and intensity light pulses in 
9 subjects. Positive phase shifts indicate phase advances whilst negative phase shifts indicate phase 
delays. (# 420nm, ® 440nm,o 470nm, o  600nm. Dashed lines represent a photon density of
2.32 x 1013 photons/cm2/sec whilst solid lines represent 6.21 x 1013 photons/cm2/sec.
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S.4.3.2 CT of light administration
The variation in the individual responses could be attributed in part to the light pulses 
being administered at different CTs. Figure 5.7 shows the phase shifts in each 
melatonin phase marker as a function of the CTof administration of the light pulse, 
regardless of the wavelength or photon density of the light pulse. With all phase 
markers there is a fairly even distribution of phase advances and delays at each CT 
suggesting that any difference in the magnitude of phase shifts at each CT is due to 
the wavelength, the photon density of the light pulse or other non-specific inter­
individual variation. Figure 5.8 also shows the phase shifts in each melatonin phase 
marker as a function of CT administration of the light pulse, but the wavelength and 
photon density of the light pulse is marked.
The phase shifts in Meloff50% (Figure 5.8c) for the 470 nm pulse at the earlier CTs 
(CT 2 -3 .5 )  were phase delays whereas phase advances were seen when the light 
pulse was administered at a later CT (CT 3.5 -  5), suggesting that this slight variation 
in the CT of the light pulse may contribute to the variation in the observed response. 
A similar pattern in the Meloff50% was seen following the 600 nm (high photon 
density) and 440 nm (low photon density) light pulses. The phase shifts in the 
Meloff50% following the 420 nm (low photon density) seem unaffected by the CT of 
light administration.
5.4.4 Calculation of phase shifts based on extrapolated N3 phase markers
The phase advancing light pulse administered at the end of N2 may serve to prevent 
the ‘delay’ drift from N2 to N3 instead of producing an obvious phase advance 
(section 5.3.3.1). Examination of the timing of Meloff50%, where the greatest 
response to the phase advancing light pulse was seen, on the 3 consecutive study 
nights for some of the subjects illustrates this hypothesis (Figure 5.9).
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From Figure 5.9 it can be seen that there is a daily phase delay in the timing of 
Meloff50% from N l to N2 and a similar pattern was seen in the Melon50% marker 
(section 5.4.2). For S4 at the high photon density for 440 nm (Figure 5.9a) the 
advance on N3 was of sufficient magnitude so that the Meloff50% time on N3 was 
earlier than on N l and N2. However, with the low photon density for 440 nm in this 
subject (Figure 5.9b) the Meloff50% is substantially advanced from N2 to N3 (49 
minutes) but due to the delay from N l to N2 (40 minutes) the advance when 
comparing N3 and N l was not very large (9 minutes). For S14 (Figure 5.9d) there 
was an advance from N2 to N3 with the high photon density 440 nm pulse but due to 
the delay from N l to N2 there was no advance when comparing Nl and N3. For S15 
(Figure 5.9c) the delay from N2 to N3 (21 minutes) following a high photon density 
440 nm pulse is less than that seen from Nl to N2 (48 minutes), which suggests that 
the endogenous phase delay has been reduced. For S22 (Figure 5.9e) and S24 (Figure 
5.9f) there was little or no change in the timing of Meloff50% on N3 compared to N2 
suggesting that the daily phase delay was attenuated by the light. All these examples 
serve to illustrate the point that a phase delay from N l to N3 may still be considered a 
response. The magnitude of the phase delay observed from Nl to N3 may be related 
to the phase advancing ability of the light pulse.
One method of reducing the effect of endogenous drift is using extrapolated N3 
values. Figure 5.10 shows the phase shifts observed in all melatonin phase markers 
when comparing the extrapolated N3 values to the measured N3 values. For the 
Meloff50% the pattern of response to the different wavelength lights was similar to 
that observed when calculating phase shifts by comparing N l and N3 values: 440 > 
420 > 600 nm for the low photon density and 470 > 600 « 440 nm for the high photon 
density. This pattern of response is also observed in the acrophase and Melon50% for 
the high photon density. For the low photon density the phase shifts in the Melon50% 
and acrophase are similar for all 3 wavelengths. For all light conditions, except the 
low photon density 600 nm pulse, the absolute phase advances in the Meloff50% were 
larger when using the N3 comparisons as compared to the N l and N3 comparisons 
(Table 5.7).
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For the N3 comparisons the phase shifts in Meloff50% with the different light 
conditions were not statistically significant as assessed by one-way ANOVA (p = 
0.48, F = 0.89, df = 27) and there were no significant differences between pairs of 
light conditions as assessed by post-hoc analysis using the Tukey-Kramer multiple 
comparisons test.
Table 5.7. A comparison of the phase shifts observed in Meloff50% when computing 
the phase shifts by comparing extrapolated and measured N3 values or by comparing 
measured N l and N3 values.
Photon density 
(photons/cm2/sec)
Wavelength (nm) Phase shift N l v 3 
mean + SEM
Phase shift N3 v 3 
mean + SEM
n mins n mins
2.32 x lO^ 420 5 -20 ± 6 3 -15 + 3.2
2.32 x 10" 440 5 -12+11.3 5 13 + 13.4
2.32 x 10" 600 2 -28 ± 24 2 -32 ±3
6.21 x 10" 440 6 -4.5 + 24.9 6 0.3 + 15.8
6.21 x 10" 470 6 7.5+ 14.6 5 25.4 + 15.4
6.21 x 10" 600 9 -0.2+11.4 9 5.6 ±10.3
The main difference between the two methods of calculation (NI vs N3 compared to 
N3 vs N3) was seen with the low photon density 440 nm light pulse. The N3 
comparison resulted in a phase advance that was larger, but not significantly so 
(T = 0.6253 , df = 9, p = 0.55) as assessed by an unpaired Student’s t-test, than the 
phase shift observed following the high photon density 440 nm light pulse.
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5.4.5 Corrections due to pre-receptoral filtering
So far the phase shifting data have been presented as a function of photon density at 
the cornea. The corrected and uncorrected photon densities are presented in Table 
5.8. It can be seen that filtering by the lens substantially reduces the amount of 420 
nm light reaching the retina but does not have much of an effect on the amount of 600 
nm light transmitted. The phase shifts observed after each light pulse as a function of 
the photon density at the retina are shown in Figure 5.11 (phase shifts calculated as 
N l vs N3) and Figure 5.12 (phase shifts calculated as N3 vs N3).
Table 5.8. Photon densities for each light pulse at the cornea and at the retina, after 
correcting for filtering by the lens, using correction factors from Stockman and 
Sharpe (2000).
Wavelength (nm) Photon density at 
the cornea 
(photons/cm2/sec)
Correction factors Photon density at 
the retina after lens 
correction 
(photons/cm2/sec)
420 2.32 x 10" 0.7240 4.38 x 1012
440 2.32 x 10" 0.3413 1.06 x 10"
600 2.32 x 10" 0.0297 2.17 x 10"
440 6.21 x 10" 0.3413 2.83 x 10"
470 6.21 x 10" 0.2046 3 .88x10"
600 6.21 x 10" 0.0297 5.80 x 10"
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There were no significant differences in the size of the phase shifts with the different 
light conditions (sections 5.4.3, 5.4.4) but the pattern of response is interesting when 
the phase shifts are presented as a function of retinal illuminance. For the NI vs N3 
comparisons if the low photon density light pulses are considered, the 600 nm light 
pulse was the least effective at phase advancing all three melatonin phase markers, 
despite containing five times more photons (2.17 x 1013 photons/cm2/sec) than the 420 
nm light pulse (4.38 x 1012 photons/cm2/sec). However, it should be noted that there 
was only a sample size of 2 in the 600 nm light condition. For the Melon50% and 
acrophase the 420 nm light pulse appeared to be more effective than the 440 nm light, 
despite containing half the number of photons at the retina which implies that the 
phase advancing response is more sensitive to 420 nm light than 440 nm light.
The 440 nm light was more effective at phase advancing the Meloff50% than the 420 
nm but due to the different number of photons in the 2 light pulses it is not possible to 
distinguish if this is a wavelength effect or due to an increased number of photons at 
the retina in the 440 nm light pulse.
For the high photon density light pulses the number of photons at the retina was very 
different for the 3 wavelengths used and therefore it is difficult to determine if an 
increased response was a spectral or photon density effect. The phase shifts in 
Melon50% and acrophase were similar with all 3 (440, 470, 600 nm) light pulses 
which suggests that there is a short wavelength sensitivity. The 440 nm and 470 nm 
light pulses produce similar phase shifts to the 600 nm light pulse despite containing 
half or two-thirds the number of photons at the retina, respectively. The 440 nm light 
pulse is statistically similar at phase advancing all 3 melatonin phase markers to the 
470 nm light, despite containing less photons, which could indicate an increased 
sensitivity at 440 nm compared to 470 nm. The larger, but not significantly different, 
phase advances in the Meloff50% following the 470 and 600 nm light, compared to 
the 440 nm light could be due to the increased number of photons present at the 
retina. The similar phase shifts in the Meloff50% with the 470 and 600 nm light 
pulses, despite the 470 nm light pulse containing 33% less photons, implies that the 
phase advancing response is more sensitive to 470 than 600 nm light.
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For the N3 vs N3 comparisons at the high photon density there was a distinct, but 
non-significant, pattern of response for all three melatonin phase markers: 470 > 600 
> 440 nm. This pattern supports the results of the NI vs N3 comparisons; that 470 
nm light was more effective than 600 nm light at phase advancing the melatonin 
rhythm. At the low photon density the 440 nm light was more effective at phase 
advancing the Meloff50% and the melatonin acrophase than the 420 nm light but this 
could be due to the increased number of photons at the retina with the 440 nm light.
5.4.6 Synoff
The melatonin Synoff was also calculated for use as a phase marker (section 2.6.2.5). 
The N1 Meloff50% and Synoff are compared in Figure 5.13 and were significantly 
correlated (r2 = 0.42, df = 28, p < 0.0001), which suggests that Synoff is also a 
reliable marker of phase.
In Figure 5.14 the phase shifts (NI vs N3) observed in Synoff are compared to the 
shifts in the Meloff50%. The phase shifts observed in Synoff and Meloff50% were 
highly correlated for phase shifts calculated by NI vs N3 comparisons (r2 = 0.29, d f= 
25, p = 0.004).
Figure 5.15 shows the phase shifts in Synoff (NI vs N3 and N3 vs N3) following each 
light condition. When the phase shifts in the timing of Synoff were calculated there 
were some very large shifts of over 2 hours, which seemed highly unlikely given the 
size of the shifts observed in the other phase markers (section 5.4.3). These values 
could be due to the melatonin profile on N1 or N3 lacking a distinctive Synoff point 
which could mean that the calculated Synoff marker is not a good representation of 
phase and this will influence the calculated phase shift. If the light pulse at the end of 
N2 influences the shape or amplitude of the N3 melatonin profile then the point at 
which Synoff appears to occur on N3 may be altered. Therefore any phase shifts 
greater than 2-hours, in either direction, were eliminated from any subsequent 
analysis of Synoff.
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Figure 5.15. Phase shifts in Synoff melatonin phase marker following a 4-hour light pulse centred at CT 4:
a) N1 vs N3 (n = 25) b) Extrapolated N3 vs measured N3 (n = 24) (# individual data,  mean).
Positive phase changes indicate phase advances and negative phase changes indicate phase delays.
Spectral sensitivity o f the phase shifting response 255
The phase shifts obtained in Synoff by NI vs N3 comparisons (Figure 5.15a) were not 
significantly different between light conditions as assessed by a one-way ANOVA (F 
= 0.13, df = 23, p = 0.97). The phase shifts from N3 vs N3 comparisons (Figure 
5.14b) show a distinct pattern at the high photon density with 470 nm being more 
effective than 600 and 440 nm at phase advancing the melatonin Synoff marker.
These results are in agreement with those observed in the Meloff50% phase marker 
with both the NI vs N3 and N3 vs N3 comparisons. At the high photon density the 
phase shifts observed are significantly different as assessed by a one-way ANOVA (F 
= 4.24, df = 18, p = 0.03). The phase shifts obtained with the 470 nm light are 
significantly greater than those observed after the 600 nm light (q = 3.825, p < 0.05) 
and almost significantly greater than the shifts after the 440 nm light (q = 3.421) as 
assessed by the Tukey-Kramer multiple comparisons test (where q > 3.649 for p < 
0.05).
5.4.7 Amplitude of the melatonin rhythm
The amplitude of the melatonin rhythm was calculated for all study nights using 
cosinor analysis and is shown in Figure 5.16. There was a lot of inter-subject 
variation in the amplitude of the rhythm. Figure 5.17 shows a comparison of the 
melatonin amplitudes on the various study nights for each light condition. For 
consistency, so that the sample size was the same for each study night, those subjects 
whose phase shifts had to be computed by comparison of N2 and N3, due to an 
aberrant N1 profile, were not included in the analysis.
There was some reduction in amplitude from N1 to N3 following all light pulses 
except the high photon density 440 and 470 nm light pulses. The only significant, and 
near significant, reduction was after the low photon density 420 nm (T = 8.68, df = 2, 
p = 0.01) and 440 nm (1-tailed test, T = 1.7, df = 5, p = 0.07) light pulses, as assessed 
by a paired Student’s t-test. However, for all the light pulses exhibiting amplitude 
reductions from N1 to N3 there were also reductions from N1 to N2. When 
comparing the melatonin amplitude on N2 and N3 there was a slight increase on N3 
for all light pulses except the low photon density 440 nm light pulse which showed a 
near significant decrease in amplitude of 8% (1-tailed test, T = 1.80, df = 5, p = 0.07).
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Figure 5.18 shows the melatonin amplitude on N3 as a percentage of the amplitude on 
N2. The only light condition that resulted in a mean reduction of amplitude on N3 
compared to N2 was the low photon density 440 nm light pulse where the mean 
amplitude on N3 was 94% (+ 3 %) of the amplitude on N2.
5.4.8 Temperature
The timing of the temperature minimum was calculated using the 10 lowest values 
method (section 2.6.3.2) and was also used as a circadian phase marker. For the high 
photon density light pulses the sample size for the Tmin phase marker differs from the 
sample sizes for the melatonin phase markers (Table 5.8). For the 440 nm light 
condition it was possible to use the temperature data for the subject (S7) whose 
melatonin data could not be used in analysis. For the 470 and 600 nm light conditions 
the sample size was reduced for Tmin analysis as there was insufficient temperature 
data available for analysis in some subjects (470 nm: S22L7, S19L11. 600 nm:
S24L9, S22L120). If phase shifts in melatonin phase markers had been calculated by 
N2 vs N3 comparisons then this comparison was also used in the temperature data 
(S14L5, S7L6, S23L9). N2 vs N3 comparisons were also used if the N1 temperature 
data could not be used (S15L5, S14L6, S15L9, S15L11).
Table 5.9. Sample sizes for melatonin and temperature phase markers
Photon density 
(photons/cm2/sec)
Wavelength
(nm)
Melon50% Melatonin
acrophase
Meloff50% Tmin
2.32 x 10u 420 6 5 5 6
2.32 x lO13 440 5 5 5 5
2.32 x 10" 600 2 2 2 2
6.21 x 10" 440 6 6 6 7
6.21 x 10" 470 7 6 6 5
6.21 x 10" 600 9 9 9 8
Figure 5.19 shows the phase shifts (NI vs N3 comparisons) in the timing of Tmin. 
Due to a number of missing N2 profiles the sample sizes for the N3 vs N3 
comparisons are very small and therefore the results are not presented.
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There was large variation in the phase shifts observed with each of the 6 light pulses 
and the phase shifts (comparing all groups except the low photon density 600 nm 
group) were not significantly different as assessed by a one-way ANOVA (F = 0.59, 
df = 30, p = 0.67). Comparison of the low photon density light pulses revealed the 
following pattern of mean response: 440 > 420 > 600 nm. With the high photon 
density light pulses the mean pattern of response differs to that observed in the 
Meloff50% and was 440 > 470 > 600 nm. There was not any irradiance response 
dependency as shown by the similar phase shifts with both the high and low photon 
densities with 440 nm and 600 nm light.
5.4.9 Phase relationship between the melatonin and temperature rhythms
The maintenance of a constant phase relationship between 2 independent circadian 
phase markers after a phase shifting light stimulus can be used to establish that a true 
phase shift has occurred. However, the relationship between phase markers may alter 
after a phase shifting stimulus as the marker rhythms go through transient cycles.
This change in relationship may reflect the phase markers realigning with the shifted 
central pacemaker at different rates, which may be determined by the strength of 
coupling between the pacemaker and the output rhythm. Figure 5.20 shows the phase 
relationship between Tmin and the melatonin acrophase on the baseline night (Nl) 
and after the phase shifting light pulse (N3). In general on N l the melatonin 
acrophase occurred before the Tmin (indicated by negative numbers) which is the 
phase relationship that has been previously observed by a number of studies e.g. 
melatonin acrophase occurred at CT 22 and Tmin at CT 24 in the study by Khalsa and 
colleagues (2003). Following all light pulses the time between the 2 markers was 
altered on N3 in some individuals but there was not a consistent direction of response. 
After the high photon density 440 nm light pulse (Figure 5.20d) the phase relationship 
remained fairly constant in 5 out of 6 subjects. After the low photon density 420 nm 
light pulse (Figure 5.20a) the Tmin occurred before the melatonin acrophase in 3 out 
of 4 subjects. Following the low photon density 440 nm and the high photon density 
470 and 600 nm light pulses the time between the melatonin acrophase and Tmin 
phase markers was reduced in the majority of subjects. If both phase markers were 
phase advanced then this would suggest that the Tmin phase marker had been 
advanced more than the melatonin acrophase phase marker.
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5.5 DISCUSSION
The ability of 6 different light pulses to phase shift the human circadian system has 
been assessed. The spectral sensitivity of the response was assessed by administering 
equal photon density light pulses at 420, 440 and 600 (2.32 x 1013 photons/cm2/sec) 
and at 440, 470 and 600 nm (6.21 x 1013 photons/cm2/sec). The dose dependency of 
the response was examined by comparing the two photon densities at 440 and 600 
nm. The results are discussed by their ranking order rather than by their significance. 
Even if there were no significant differences between the different light conditions the 
pattern of response provides preliminary data about the spectral sensitivity of the 
phase advancing response and will be the basis for future research.
5.5.1 N l melatonin phase markers
The timing of Melon50% on N l confirmed that the fixed sleep-wake schedule for 2 
weeks prior to the study session was successful at entraining the subjects to the same, 
stable circadian phase. The CT of administration of the light pulse was also 
consistent, confirming that the subjects had been entrained to the desired phase and 
that the light pulse was administered at a similar CT to all subjects in all study 
sessions. The low intra-subject variation in Melon50% between consecutive study 
sessions demonstrated that the subjects were re-entrained to the desired phase before 
the start of the second study session. This minimal variation means that results both 
within and between subjects can be compared.
5.5.2 The spectral sensitivity of the phase shifting response
5.5.2.1 Differential response of the Melon50% and Meloff50%
The results demonstrated that the observed phase shifting response appears to vary 
both with the wavelength and photon density of the light pulse. There was a 
differential response in the Melon50% and Meloff50% phase markers following the 
phase advancing light pulse. For all of the light conditions except the low photon 
density 420 nm light pulse there was a greater advancing response observed in the 
Meloff50% than the Melon50%, as characterised by a larger phase advance or smaller 
phase delay.
This non-parallel light-induced shifting of the melatonin onset and offset was also 
observed in the short wavelength study (Chapter 4). These combined results strongly
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support the dual oscillator model whereby the circadian pacemaker is composed of 
two coupled oscillators; a morning (M) oscillator associated with melatonin offset and 
an evening (E) oscillator associated with melatonin onset (Illnerova and Vanecek, 
1982) (section 1.3.6). The M oscillator would be expected to be more sensitive to 
phase advancing light pulses, as exhibited by an increased response in the melatonin 
offset compared to the onset, which is supported by the data presented here. Therefore 
the phase shifting response of the Meloff50% may be the more suitable marker for the 
effect of the phase advancing light pulse. Alternatively the differential response may 
reflect transient cycles which reflect the time taken for a given phase marker to 
realign with the shifted central pacemaker (Pittendrigh, 1965). During transients the 
phase relationships between different markers may also be altered if they realign with 
the pacemaker at different rates and this may explain the differential response of the 
Melon50% and Meloff50%.
It has further been suggested that the M and E oscillators may have different PRCs to 
light with a larger advance region in the M PRC and a larger delay region in the E 
PRC (Daan et al., 2001). It is also possible that the two oscillators exhibit different 
spectral sensitivities. If the E oscillator has a narrow low amplitude phase advance 
region in its PRC then the phase advancing light pulse administered at CT 4 would 
produce small phase shifts in the Melon50%. Therefore the increased phase shift in 
the Melon50% compared to the Meloff50% after the 420 nm light pulse may reflect 
an increased sensitivity of the E oscillator to 420 nm light which was not exhibited by 
the M oscillator. This enhanced responsiveness to 420 nm correlates with the 
increased sensitivity of the light-induced melatonin suppression response, that would 
also be associated with the E oscillator, to this wavelength (Thapan et al., 2001).
5.5.2.2 Spectral sensitivity
Although 2 different photon density light pulses were used in the study, only the 
phase shifting effects of the different wavelength pulses containing equal photons can 
be compared.
At the low photon density (2.32 x 1013 photons/cm2/sec) all the phase shifts observed 
were phase delays and there were no statistically significant differences between the 
light pulses. The largest delays in all 3 melatonin phase markers were seen following
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the 600 nm light pulse. This finding suggests that the 600 nm light is least effective at 
phase advancing the human circadian system, although this was only a sample size of 
2 and this should be increased before any firm conclusions can be made. The smallest 
phase delays in the Melon50% and melatonin acrophase were observed with the 420 
nm light but in the Meloff50% it was the 440 nm light that resulted in the least phase 
delay. The pattern of response in the phase markers could be due to a difference in 
the spectral sensitivities of the M and E oscillators associated with the offset and 
onset, respectively.
At the high photon density (6.21 x 1013 photons/cm2/sec) there were no statistically 
significant differences between the light pulses but there was a different pattern of 
response to the different wavelengths in the Melon50% and Meloff50% phase 
markers. The phase delays in the Melon50% and melatonin acrophase were similar 
with all 3 wavelengths of light (440,470 and 600 nm). In the Meloff50% the 470 nm 
light resulted in a mean phase advance of 7.5 minutes whereas mean phase delays of 
0.2 and 4.5 minutes were seen with the 600 and 440 nm light pulses, respectively. 
Assuming that the Meloff50% is the most sensitive phase marker for the phase 
advancing effects of light then this data suggests that the high photon density 470 nm 
light may be the most effective at phase advancing the human melatonin rhythm.
The available data suggest that 440 nm was more effective than 420 and 600 nm light 
(low photon density pulse) and that 470 nm was more effective than 440 and 600 nm 
light (high photon density pulse). Although it therefore follows that 470 nm was 
more effective than 420 nm this would need to be tested by administering equal 
photon density pulses before any definite conclusion can be drawn. The low photon 
density 600 nm light pulse was less effective than both 420 and 440 nm light pulses 
but at the higher photon density 600 nm appears to be more effective than 440 nm, 
although this may be an artefact of the low sample size in the 440 nm light exposure 
group.
Although there were no statistically significant differences in the phase shifts obtained 
with the different wavelengths there was a definite pattern of response. Previous 
studies investigating the spectral sensitivity of the light-induced melatonin 
suppression did not show statistically significant differences in the amount of
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suppression with different wavelengths of light or different irradiances within a 
wavelength (Brainard et ah, 2001b; Thapan, 2001): the pattern (rank order) was more 
important.
Although the magnitude of the phase advances was larger in the Meloff50% 
compared to the Melon50% following 5 of the light conditions there was only a 
statistically significant difference with the 470 nm light pulse. This result adds further 
support to the conclusion that the high photon density 470 nm light pulse may be the 
most effective at phase advancing the melatonin rhythm in the current study. Very 
recently (whilst this thesis was being written) data has been published that 
demonstrated that a 6.5 hour light pulse of 460 nm light induced a 2-fold greater 
phase delay than a pulse of 555 nm in humans (Lockley et al., 2003). This data 
supports the short wavelength sensitivity demonstrated in the current study and in the 
short wavelength study (Chapter 4).
Interestingly, the preliminary study into the spectral sensitivity of the PLR suggested 
that there is the potential for the human pupillary response to be maximally sensitive 
to 470 nm, as shown by the delay in the return to steady state (section 3.5.4). The 
PLR and phase shifting response in rd/cl mice have similar spectral sensitivities 
(Lucas et al., 2001; Hattar et al., 2003) which has been proposed to mean that they are 
mediated by the same photoreceptor (s?). The current data suggest that the 2 
responses in humans may also exhibit a similar spectral sensitivity. Ideally the pupil 
response should be measured for each subject, along with their lens density, so that 
their phase shifting data could be corrected accordingly. If the PLR to 470 nm is a 
real effect then a reduced pupil size in the 470 nm light would result in less photons 
reaching the retina. Therefore if the data were corrected for pupil response then the 
470 nm light would appear to be even more effective. Further experiments need to be 
carried out to assess the spectral sensitivity of the PLR.
5.S.2.3 Advances and delays
The protocol aimed to assess the ability of different wavelength lights to phase 
advance the human circadian system. A large proportion of the phase shifts observed 
in the Meloff50% were phase delays, but, as discussed earlier these phase delays often 
still constitute a phase advancing response. As shown in Figure 5.9 there was often a
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phase advance in the timing of the Meloff50% from N2 to N3 but due to the phase 
delay observed from N l to N2 no advance was observed when comparing N l and N3. 
It would be predicted that the magnitude of the phase delay from N l to N3 would 
vary depending on the ability of the light pulse at the end of N2 to attenuate the 
endogenous daily phase delay or cause a phase advance from N2 to N3. This 
hypothesis was confirmed by examination of individual subject profiles (Figure 5.6) 
which revealed that subjects generally showed a consistent direction of response to all 
the light pulses but that the magnitude of the response varied with the intensity and 
wavelength of the light pulse.
When the phase shifts in the timing of Meloff50% were calculated by comparing the 
extrapolated and measured N3 values the same pattern of response to the different 
wavelength was observed as when comparing N l and N3: 440 > 420 > 600 nm for the 
low photon density and 470 > 600 > 440 nm for the high photon density. The major 
discrepancy between the 2 methods of calculating phase shifts is with the low photon 
density 440 nm light pulse. With the N3 comparisons the phase advance observed 
with the low photon density 440 nm light pulse was larger than that observed with the 
high photon density 440 nm light pulse whereas the reverse was true for the NI vs N3 
comparisons. This suggests that the extrapolated vs actual N3 method of calculating 
phase shifts may not accurately reflect all individual subject profiles using the current 
protocol.
The extrapolated N3 values were calculated based on each individual’s drift from N l 
to N2. However, if 2 oscillators (M and E) exist then these could drift at different 
rates with the overall tau of the organism being an average output of the two 
oscillators. The phase change of Melon50% from N l to N2 was not the same as for 
Meloff50% and this could represent different resolutions in the markers, as the 
Melon50% was calculated using half-hourly sampling whilst the Meloff50% was 
calculated during hourly sampling. Alternatively the 2 oscillators could have been 
drifting at different rates and therefore applying the drift in Melon50% to estimate the 
Meloff50% on N3 may be inappropriate. Ideally the phase change from N l to N2 in 
the melatonin acrophase should have been used as the estimate for the daily phase 
delay as this takes into account changes in both the melatonin onset and offset. 
However, both the melatonin acrophase and Meloff50% would have been influenced
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by the light pulse at the end of N2. The only unadulterated estimate of the drift from 
N l to N2 was therefore in the Melon50%. The possibility that the 2 markers 
(MelonS0% and Meloff50%) may drift at different rates could account for the 
discrepancies between the extrapolated N3 method of calculating phase shifts and the 
phase shifts calculated by comparing N l and N3.
Although the light pulses resulted in substantial phase advances in some subjects, in a 
large proportion of subjects it appears that the light may not have been of sufficient 
intensity or duration to produce large phase advances. Therefore, with the light pulses 
used, the protocol may be more accurately assessing the ability of a phase advancing 
light pulse to attenuate the daily phase delay associated with a tau > 24-hours or to 
cause a small phase advance that would entrain the human circadian pacemaker to 24- 
hours. Human tau in sighted people has been estimated to be 24.18 hours (Czeisler et 
al., 1999) and thus requires a daily phase advance of 11 minutes in order to remain 
entrained to 24-hours. Therefore, although the phase advances obtained in this study 
appear to be small they are in fact highly relevant physiologically. The results from 
both the N l vs N3 and N3 vs N3 comparisons suggest that a low irradiance 470 nm 
light pulse may be capable of phase advancing the human circadian system to a 
sufficient magnitude to remain entrained to the 24-hour day. This knowledge would 
be of particular use in environments where there is very little light available, such as 
during the winter months or in institutions such as nursing homes or intensive care 
units in hospitals, to prevent humans from free-running.
S.5.2.4 Correcting for prereceptoral filtering by the lens
The light irradiance measured at the cornea would have changed, in both amount and 
spectral composition, by the time it reaches the retina due to pre-receptoral filtering of 
mainly short wavelength light by the lens and macular pigments. This means that 
light pulses of different wavelengths containing equal numbers of photons at the 
cornea will not deliver equal photons to the retina and this alters the interpretation of 
the phase shifting results.
Filtering by the lens will substantially reduce the number of photons delivered to the 
retina from the 420 and 440 nm light but will only marginally alter the 600 nm light 
pulse. The fact that the low photon density 600 nm light pulse, containing 5 times
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more photons than the 420 nm light pulse at the retina, was the least effective at phase 
advancing all three melatonin phase markers, confirms the short wavelength 
sensitivity of the phase advancing response. When comparing the low photon density 
420 and 440 nm light pulses, the smaller phase delays in the MelonS0% and 
melatonin acrophase observed with the 420 nm light pulse, which contains half the 
number of photons at the retina compared to the 440 nm light pulse, may imply an 
increased sensitivity to 420 nm. Although the 440 nm light was more effective at 
phase advancing the Meloff50% than the 420 nm light this could be due to the 
increased number of photons of 440 nm light and not reflect a spectral effect.
The high photon density 600 nm light pulse was more effective than the 470 and 440 
nm light at phase advancing the MelonS0% and melatonin acrophase, which may be 
due to the increased number of photons at the retina in the 600 nm light pulse. 
Likewise the larger phase advances in the Meloff50% following the 470 and 600 nm 
light compared to the 440 nm light could also be attributable to the 470 and 600 nm 
light pulses containing more photons. One firm conclusion that can be drawn, 
however, is that the 470 nm light produced a larger phase advance in the Meloff50% 
than the 600 nm light despite the 470 nm light pulse containing 33% less photons at 
the retina.
These corrections have been made based on average lens transmission data (Stockman 
and Sharpe, 2000) and are therefore only an estimate of the possible reduction of 
photons at the retina. Lens transmission can vary with age (Brainard et al., 1997) and 
also between individuals and therefore, ideally, the transmission of light through each 
subject’s lens should be measured and retinal irradiance corrected accordingly. 
Filtering by the lens is an important factor that needs to be taken into consideration 
when interpreting the results. It demonstrates that the in vivo spectral sensitivity of an 
irradiance response may not reflect the maximal sensitivity of the photoreceptor 
involved but in fact represents the ‘real life’ in situ response of the photoreceptor 
when the available light is modified by lens filtering and pupil diameter. The fact that 
it is the in situ response that is being measured and not the actual spectral sensitivity 
of the photoreceptor is further support for using freely moving rather than 
pharmacologically dilated pupils.
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5.5.2.5 Dose dependence
There was a dose dependency in the phase advancing response as exhibited by a 
smaller phase delay with the higher compared to the lower photon density 440 and 
600 nm light pulses. The relative change in the magnitude of the phase shift differed 
with the 2 wavelengths (440 and 600 nm) and this could be due to the small sample 
size in the low photon density 600 nm group. Alternatively, depending on the spectral 
sensitivity of the response the two photon densities may occur at different points on 
the irradiance response curve for the two wavelengths. When the photon densities 
were corrected for lens filtering the number of photons at the retina was substantially 
reduced for the 440 nm light pulse and this may also explain the variation in response.
5.5.2.6 Implications of short wavelength sensitivity
If the phase shifts in the timing of Meloff50% (calculated by both NI vs N3 and N3 
vs N3 comparisons and without correcting for lens filtering) are considered then the 
rank order of effectiveness suggests that 470 nm light may be the most effective at 
phase advancing the human circadian system. This spectral sensitivity is similar to 
that observed for light-induced melatonin suppression in humans (Brainard et al., 
2001b; Thapan et al., 2001). This similar rank order of effectiveness supports the null 
hypothesis that the phase shifting and light-induced melatonin suppression responses 
may involve the same photoreceptor system. A full action spectrum for phase shifting 
would need to be constructed before this conclusion can be firmly established.
The light-induced melatonin suppression response shows an increased sensitivity of 
456 nm compared to 470 nm (Thapan et al., 2001). This was not observed in the 
present study when comparing 440 and 470 nm. This discrepancy could reflect 
different spectral sensitivities of the E oscillator, associated with melatonin onset and 
probably melatonin suppression, and the M oscillator, associated with melatonin 
offset. However, the spectral sensitivity of the light-induced melatonin suppression 
(Thapan et al., 2001) response was based on data corrected for lens filtering. When 
the current phase shifting data was corrected for lens transmission it also exhibits a 
heightened sensitivity to 440 nm. Both data sets thus suggest that 440 nm may be 
more effective at phase advancing than 470 nm and that the 2 responses (light- 
induced melatonin suppression and phase advance) are mediated by the same 
photoreceptors. It will be important in future to assess light pulses of equal photon
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density at the level of the retina to determine the relative efficacy of 440 and 470 nm 
light at phase advancing the human circadian system.
The increased sensitivity of the light-induced melatonin suppression response to 420 
nm was suggested to he due to a contribution of the S cone (Thapan et al., 2001). 
Correcting for lens filtering substantially reduces the number of 420 nm photons at 
the retina and so a similar increased sensitivity for the phase shifting response cannot 
be ruled out until equal photon density pulses at the retina of 420, 440 and 470 have 
been administered. In the current study there were practical limitations in that the 
photon densities used were the maximum that could be obtained for the 420 nm and 
440 nm light pulses with the light box used. Therefore it was not possible to deliver 
the higher photon density at 420 nm which would have allowed the 420 and 470 nm 
light to be directly compared. This limitation also meant that it was not possible to 
assess the phase shifting ability of a greater intensity light pulse which may have 
resulted in phase advances of larger magnitude being observed.
S.5.2.7 Variation of response
The subjects tended to show a consistent direction of response to the phase advancing 
light pulses, so that some subjects always exhibited phase delays whilst other subjects 
always showed phase advances, with the magnitude of the shift varying with the 
intensity and wavelength of the light pulse. Within subject comparisons revealed that, 
in subjects receiving 2 or more light conditions, 470 nm was the most effective at 
phase advancing the Meloff50% (calculated by comparing N l and N3 and without 
correcting for lens filtering) in 4 out of 6 subjects (S20 and S23 were the exceptions). 
This intra-subject ranking is further confirmation that 470 nm light is the most 
effective at phase advancing the human circadian system.
5.5.2.7.1 CT of administration of the light pulse
The variation in the size of the phase shifts in some instances can be explained by the 
precise CT administration of the light pulse. When considering the phase shifts in 
Meloff50% for the low photon density 420 nm light pulse the direction of phase shift 
appeared unaffected by CT of light administration. For the high photon density 470 
and 600 nm pulses there was a tendency for the light pulses administered at the later 
CTs to produce larger phase advances or smaller phase delays. As the crossover point
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from delays to advances on the PRC is thought to occur at CT 0 then this parallel 
increase in the advance response with increased CT of light administration would be 
expected. On the single light pulse PRC on which the timing of the light pulse in the 
current study was based (Khalsa et ah, 2003) there were phase advances of over 1- 
hour in the melatonin offset when the light pulse was administered between CT 2-6.
It is interesting to note that phase advances were observed from CT 2 (Khalsa et ah, 
2003) whereas in the current study the majority of phase advances were observed 
after CT 4. This difference in the magnitude of the shifts can primarily be explained 
by the fact that the PRC study (Khalsa et ah, 2003) used very bright white light of up 
to 12 000 lux for 6.7 hours to produce these large phase advances whereas the current 
study used dim monochromatic light for 4 hours. In addition, as the 2 studies used 
light pulses of different durations (Khalsa 6.7 hours; present study 4 hours) then the 
start of the light pulse would have been at different CTs. If it is the initial part of the 
light pulse that is causing the phase shifts then the light pulses would have been 
administered at different CTs. If the midpoint of the light pulse occurred at CT 4 then 
in the current study the light pulse would have begun at CT 2 whereas in the study by 
Khalsa and colleagues (2003) the light pulse would have started at CT 0.7. This 
difference in the start of the timing of the light pulse could partly explain the different 
responses in the 2 studies. The fact that there was a trend for an increased number of 
phase advances after CT 4 in the current study highlights the importance of entraining 
the subjects to precisely the same circadian phase. It suggests that some of the inter­
subject variation in the direction of the phase shift in response to a specific light pulse 
may be explained by the different CT of administration of the light pulse.
5.5.2.7.2 Seasonal effects
The shape and timing of the melatonin profile changes with the season in some of the 
subjects. For example, in S22 the melatonin rhythm observed in the winter (Legs 9 -  
12), e.g. Appendix 8f, was substantially delayed relative to the summer profile 
(Appendix 8e, Leg 7) as has been previously observed (Bojkowski and Arendt, 1988). 
This is presumably because there is less phase advancing morning light in the winter 
and so the downward limb of the melatonin profile and consequently the Meloff50% 
occurs at a later clock time. This delayed rhythm meant that all the melatonin phase 
markers occurred during the hourly sampling period and therefore resolution was lost, 
which in turn would also affect the size of the measured phase shifts. Therefore some
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of the variation in the phase shifts measured could be attributed to an inability to 
distinguish changes in phase due to a change in the shape or timing of the melatonin 
profile with season. This finding suggests that ideally all studies should be carried out 
at the same time of year.
S.5.2.7.3 Individual sensitivity to light
One of the major factors that could determine the response of a subject to a light pulse 
is the individual’s sensitivity to light. One factor that has been shown to strongly 
influence light sensitivity is prior light exposure. When subjects living in the 
Antarctica had their light-induced melatonin suppression response measured it was 
found that there was an increased sensitivity to light during the winter months when 
there is very little environmental light present (Owen and Arendt, 1992). Short-term 
changes in light history of only a week can also alter light sensitivity (Hébert et al., 
2002). In this study light-induced melatonin suppression was measured at the end of 
a bright light week or a dim light week and it was found that there was considerably 
more melatonin suppression after the week of dim light (Hébert et al., 2002). These 
combined results suggest that exposure to dim light for as little as a week can increase 
sensitivity to light in humans. It has been shown that rats change the structure of their 
retina depending on the lighting conditions so that a constant number of photons is 
absorbed each day; a process called photostasis (Penn and Williams, 1986). Rats in 
dim light would develop retinas with a greater ability to absorb photons than rats in 
bright light. It is possible that such a mechanism may also occur in humans and there 
could be inter-individual variation in the ability of humans to adapt their retina. A 
difference in the melatonin suppression response has also been observed between 
indoor and outdoor workers with an increased sensitivity occurring in indoor workers 
(Rufiange et al., 2002). As working indoors would result in individuals being 
exposed to lower light levels than outdoor workers these results support the 
hypothesis that a dim light history increases sensitivity to light.
These results suggest that light history can have a profound influence on the response 
to light. It is possible that some of the inter-subject variation in response to light 
could be explained by a difference in light sensitivity. This could be a genetic 
variation or could depend on their light history, which in turn could be influenced by
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their job and lifestyle. The fact that there may be an increased sensitivity to light in 
the winter is further support for all studies to be carried out in the same season.
S.5.2.7.4 Ethnic origin
One factor that could alter the light sensitivity of the subjects is their ethnic origin, 
which is listed in Appendix 3. If the subjects are from areas of the world that receive 
high intensity light throughout the year, such as at the equator, then they may exhibit 
reduced sensitivity to light. Conversely subjects from high latitude areas that have 
reduced light levels for much of the year may exhibit increased light sensitivity. 
Although these geographical variations may primarily depend on light history there 
could also be a genetic component. This hypothesis would need to be tested in a large 
sample of individuals from many different latitudes. In accordance with this 
hypothesis it is interesting to note that S4, who shows clear phase advancing 
responses in Meloff50% to all light pulses, is from Canada (high latitude) whilst S7, 
who exhibits phase delays in Meloff50% following the phase advancing light pulses, 
is from Africa (0° latitude). In Drosophila, tau and the amplitude of the PRC varied 
with latitude with a longer tau and a reduced amplitude PRC for northern latitude 
species (Pittendrigh and Takamura, 1989). In Drosophila auraria there was a 
reduction in the phase-shifting response to light in more northerly strains (Pittendrigh 
et al., 1991). A similar latitudinal variation in tau, PRC amplitude and the phase 
shifting response to light could exist in humans and this may explain some of the 
variation in the response seen. More subjects need to be studied to test this 
hypothesis.
5.5.2.S Synoff
The N l melatonin Synoff and Meloff50% were significantly correlated (r2 = 0.42, df 
= 28, p < 0.0001) which suggests that Synoff is also a reliable marker of phase. 
However, when the phase shifts in Synoff were computed by comparing N l and N3 
or extrapolated and actual N3 there were a number of very large shifts that did not 
seem possible or representative of the profiles. The Synoff marker may not be a 
reliable circadian phase marker for all profiles as some of the subjects’ melatonin 
profiles did not have a distinctive switch off point whilst others showed a gradual 
decline before a dramatic decline after the Synoff. Both of these types of profile will 
influence the calculated time of Synoff. In addition if the light pulse at the end of N2
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influenced the shape or amplitude of the N3 profile then the N3 Synoff may not be 
have been easily distinguishable or may have appeared to occur at a different phase on 
the profile.
The phase shifts observed in Synoff and Meloff50% were highly correlated for phase 
shifts calculated by Nl and N3 comparisons (r2 = 0.29, p = 0.004, df = 25) but there 
was no discernible pattern of response dependent on the wavelength or photon density 
of the light pulse. However, the phase shifts in Synoff using N3 vs N3 comparisons 
show a distinct pattern at the high photon density with 470 nm being statistically 
significantly more effective than 600 and 440 nm. This result is in agreement with the 
pattern observed in the Meloff50% phase marker with both the NI vs N3 and N3 vs 
N3 comparisons which suggests that 470 nm light is the most effective at phase 
advancing the human melatonin rhythm.
5.S.2.9 Melatonin amplitude
In addition to a phase shifting effect light is also able to influence the amplitude of 
human circadian rhythms. A phase-amplitude model of the human circadian 
pacemaker has been developed (Kronauer, 1990) to explain the fact that light applied 
at the crossover point of the PRC (CT 0) damps the amplitude of circadian markers 
(Jewett et al., 1991) and this amplitude suppression, over a narrow, sensitive region of 
the PRC, can reset phase (Jewett et al., 1994).
In the data presented here there was a non-significant decrease in melatonin amplitude 
from N l to N2 in 4 of the 6 light conditions which could be explained simply by 
inter-subject variation or assay variation or the effect of dim light CIU conditions. 
When comparing N2 and N3 there was only a reduction in amplitude following the 
low photon density 440 nm light pulse, which was similar to the reduction seen 
following the short wavelength light pulse in the short wavelength study (Chapter 4).
It could be that the higher photon density light pulses are of sufficient strength to 
immediately affect the oscillator by directly inducing a change in phase. The lower 
photon density light pulses may have a more subtle effect on the pacemaker by 
influencing the amplitude of the output rhythms and then this is subsequently 
translated to a small change in phase. Therefore it is possible that the effects of the 
short wavelength light pulses of low photon density are mediated by a change in the
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amplitude of the pacemaker rhythm. The fact that a reduction in amplitude was also 
seen with the short wavelength light pulse used in the short wavelength study 
(Chapter 4) despite the fact that this was a high photon density light pulse could be 
due to the broader spectral composition of the pulse. As the amplitude effect is 
wavelength sensitive the presence of two major peaks in the short wavelength light 
pulse may have meant that the spectral effect of the light on the pacemaker was not so 
precise so that a change in both phase and amplitude was observed. These hypotheses 
need to be tested in future studies.
The variation in the amplitude response between subjects could reflect differences in 
the robustness of the circadian oscillation, and its ability to return to a normal 
amplitude after a perturbation, or in the strength of coupling between the pacemaker 
and output rhythm or between the M and E oscillators. It is interesting to note that in 
Drosophila the amplitude of the pacemaker varies with latitude and is higher for 
northern latitude species (Pittendrigh et al., 1991). If a similar variation occurs in 
humans then the initial amplitude of the rhythm may determine the response seen.
5.5.2.10 Temperature rhythm
The phase shifts in Tmin observed in response to the phase advancing light pulse were 
considerably more variable than those observed in the melatonin phase markers. This 
was to be expected as the temperature rhythm is subject to more masking influences 
than the melatonin rhythm (Section 1.4.4). Although posture, food and sleep were 
controlled in the present study the temperature rhythm was still masked to some 
extent. The large inter-subject variation suggests that Tmin was not always a reliable 
phase marker in this protocol.
There was still a distinct pattern of response in the phase shifts in the timing of Tmin 
to the different light pulses with the low photon density light pulses resulting in the 
same pattern of response as seen in the Meloff50%: 440 > 420 > 600 nm. The high 
photon density light pulses resulted in a different pattern of response to that observed 
in the Meloff50%: 440 > 470 > 600 nm. This discrepancy in response could reflect 
the large variation in the size of the phase shifts observed with the 440 nm light pulse 
which would bias the mean phase shift. Alternatively, the temperature rhythm may 
not be as tightly coupled to the pacemaker as the melatonin rhythm and therefore will
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go through more transient cycles before the final magnitude of the phase shift is 
observed. This state of transiency, which could also vary amongst individuals, could 
explain the large variation in the magnitude of the phase shifts in the timing of Tmin. 
It has also been suggested that the offset of melatonin secretion may help to initiate 
the rapid rise in CBT (Wehr et al., 2001). The combination of the shift in the 
melatonin rhythm and the shift in the pacemaker acting on the temperature rhythm 
may add to the variation observed in the Tmin phase shifts.
5.5.2.11 The phase relationship between the temperature and melatonin 
circadian rhythms
The maintenance of a constant phase relationship between 2 independent circadian 
phase markers after a phase shifting light stimulus can be used to establish that a true 
phase shift has occurred. However, if the phase markers realign with the shifted 
central pacemaker at different rates as they go through transient cycles then the 
relationship may be altered.
Following all light pulses the time between the 2 markers was altered on N3 
compared to N1 in some individuals and there was not a consistent direction of 
response. The variation in the phase relationship between Tmin and the melatonin 
acrophase may reflect the variation in the Tmin marker as opposed to a change in the 
phase relationship between the 2 markers. After all light pulses except the high 
photon density 440 nm light pulse the time between the melatonin acrophase and 
Tmin phase markers was reduced in the majority of subjects. This change in 
relationship could indicate that the 2 output rhythms are driven by different oscillators 
(M and E) that have been differentially shifted by the phase shifting light pulse. 
Alternatively it could indicate a difference in the coupling strength between the 
central pacemaker and the 2 output rhythms so that the more closely coupled rhythm 
will exhibit the absolute phase shift in the pacemaker first. The fact that the time 
between the Tmin and melatonin acrophase was reduced suggests that the Tmin phase 
marker was advanced more than the melatonin acrophase phase marker. As the light 
pulse was timed to produce phase advances this could be seen to indicate that the 
temperature rhythm is more tightly coupled to the central pacemaker than the 
melatonin rhythm. The fact that the phase relationship is more or less maintained 
following the high photon density 440 nm light pulse could suggest that this
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wavelength is the most effective at phase advancing the central pacemaker and 
therefore large, instantaneous phase shifts are seen in both output rhythms. However, 
the large variation in the size of the phase shifts in the Tmin phase marker suggests 
that this is a less reliable marker than the melatonin phase markers and therefore any 
changes in the phase relationship probably reflect this variable temperature marker.
In conclusion the present study shows for the first time that there may be a spectral 
and dose dependent variation in the phase advances observed following exposure to 
different monochromatic light pulses. If the data are not corrected for pre-receptoral 
filtering by the lens then it appears that 470 nm may be the most effective wavelength 
at phase advancing, or attenuating the daily delay in, the Meloff50%. However, when 
the data are corrected for pre-receptoral filtering by the lens then the 440 nm light 
pulse is statistically similar at phase advancing all 3 melatonin phase markers to the 
470 nm light, despite containing less photons. This could indicate an increased 
sensitivity at 440 nm compared to 470 nm. More data are needed before any firm 
conclusions can be drawn.
Post-hoc power calculations were carried out to assess the power of the study to detect 
the differences observed in the phase shifts in the Meloff50% with the different light 
exposures. The maximum difference in the size of the phase shifts (27 minutes) was 
observed between the 420 and 470 nm light exposures but the power to detect this 
was only 12%. The large inter-individual variation in response contributes to this low 
power and a crossover design, where all subjects complete all conditions, may have 
increased the power. With the current data a sample size of 50 would be required to 
detect this 27 minute difference with a power of 60%. These calculations suggest that 
future work should focus on comparing the 2 light exposures that show the greatest 
difference in response and increasing the sample size to ensure that any differences in 
phase shifting response can be detected with sufficient power.
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6. THE SPECTRAL SENSITIVITY OF THE ACUTE EFFECTS OF LIGHT
6.1 INTRODUCTION
6.1.1 Irradiance-dependent responses to light
The mammalian eye detects light for both image generation and measurement of 
environmental irradiance and thus the eye has parallel outputs encoding visual images 
and irradiance information via the optic nerve and the RHT, respectively (Section 
1.5.8). It has been suggested that all irradiance-dependent, non-image forming 
functions utilise the same photoreceptors and processing pathways. It is postulated 
that the acute effects of light on alertness (reviewed in Cajochen et al., 2000), body 
temperature (Dijk et al., 1991) and melatonin production (Klein and Moore, 1979) are 
mediated by the SCN. Therefore it is possible that all the acute effects of light utilise 
the same photoreceptors and are driven directly, or indirectly through the SCN, by the 
retinal ganglion cells of the RHT. Based on this assumption the acute effect of light 
on alertness, temperature and melatonin suppression is often used as an approximation 
for the action of light on the SCN.
However, in both golden hamsters and humans the sensitivity and dose response 
function varies between irradiance dependent responses which suggests that they may 
not all be mediated by the same photoreceptors and downstream processing (Sections
1.4.3 and 1.7.8.2). This difference in sensitivities could reflect the use of different 
photoreceptors or a difference in the processing of photic signals (Section 1.7.8.2 and 
Figure 1.12). Differential processing of photic signals could also be achieved via the 
use of independent pathways from either the retina or a central site, such as the IGL or 
SCN, to all the systems controlling each of these acute effects. Alternatively the 
different sensitivity of the responses could be due to the differential use of the 2 
retinal pathways to the SCN: the direct RHT and the indirect route via the IGL 
(Section 1.7.8.2).
It is also possible that these differences could arise from an interaction of the systems 
exhibiting the acute responses to light. For example, it has been shown that exposure 
to nocturnal bright light can enhance alertness and performance (Section 1.4.3) but the 
mechanism via which the acute effect of light on alertness is exerted has not been 
established. It appears to be a complex process which probably involves a direct
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retinal input and indirect modulation due to changes in temperature and melatonin 
levels (Section 1.4.4.1).
6.1.2 The spectral sensitivity of acute responses to light
The spectral sensitivity of a number of irradiance dependent responses has been 
assessed in order to determine the nature of the photoreceptors involved. In humans 
both the light-induced melatonin suppression response (Xmax « 460 nm) (Section 
1.7.8.1) and cone ERG (Xmax 483 nm) (Section 1.6.3.4.2) exhibit short wavelength 
sensitivity.
Whilst the acute effects of white light on alertness (Cajochen et al., 2000) and core 
body temperature (CBT) (Badia et al., 1991) have been assessed there has been little 
work on the spectral sensitivity of these responses. The ability of 3 broadband 
wavelengths of light (X,max 610, 540 and 430 nm) to inhibit the nocturnal decline in 
body temperature was assessed (Morita et al., 1995) but pulses of equal lux instead of 
equal photons were administered and so the light wavelengths cannot be compared.
The spectral sensitivity of the alertness and performance responses were also 
investigated using broadband light pulses (Xmax 435, 545 and 610 nm) of equal photon 
density (6.66 x 1014 photons/cm2/sec) (Hoppen, 2001). The 435 nm light was 
significantly better than the dim white light at improving alertness and performance, 
better than the 545 nm light at improving performance in the DSST test (Digital 
symbol substitution test) and better than the 610 nm light at reducing sleepiness. 
Broadband light pulses were used and therefore the effects cannot be attributed to a 
specific wavelength but these data suggest that the acute effects of light may exhibit 
short wavelength sensitivity.
If the acute effect of light on alertness and temperature is in part mediated by a 
suppression in endogenous melatonin then the spectral sensitivity of these acute 
responses would be expected to mirror the action spectra for light-induced melatonin 
suppression. Alternatively, a similar spectral sensitivity for all these acute responses 
to light could reflect the same photoreceptors) independently feeding into the 
systems controlling these output rhythms. Each acute response to light may exhibit a
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different spectral sensitivity which might reflect different photoreceptor(s) or 
combinations of photoreceptors projecting to each system. Potentially the alerting 
effect of light could be mediated by a direct projection, involving one photoreceptive 
system, and be further modified by a change in the levels of melatonin or temperature 
that are induced by bright light. If the acute effects of light on melatonin suppression 
and elevation of body temperature utilise a different photoreceptive system to the 
alerting effects of light then the spectral sensitivity of the alerting response will be 
very complex and differ to that observed for the other acute responses.
6.2 AIMS
The aim of this chapter was to assess the spectral sensitivity of the acute effects of 
light on 2 irradiance-dependent responses. The acute effects of light on CBT and 
alertness were simultaneously assessed during the study sessions described in Chapter 
5 to determine if  these acute responses exhibited a similar pattern of response to the 
phase advance response. Comparison of the wavelength sensitivity of all the 
irradiance dependent responses may reveal whether or not they are mediated by the 
same photoreceptor or combination of photoreceptors.
6.2.1 Hypotheses
For the alertness and temperature elevating responses:
Ho: If the acute effects of light on CBT and alertness exhibit a similar rank in the 
order of effectiveness to the phase advance response then a similar photoreceptor 
system may be involved in all irradiance-dependent responses.
H%: If the wavelengths show a different rank in the order of effectiveness in the 
alertness and CBT responses compared to the phase advance response then different 
photoreceptor systems may be involved in the irradiance-dependent responses.
6.3 METHODS
6.3.1 Acute effects of light on alertness and CBT
6.3.1.1 Subjects
The acute effects of light on alertness and CBT were simultaneously assessed during 
the phase advance study sessions described in Chapter 5. Therefore the number of 
subjects, and subject codes, studied at each wavelength and photon density is the 
same as described in Table 5.1.
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6.3.1.2 Assessment of CBT
During the phase advancing protocol (section 2.3.1) CBT was continuously measured 
via a rectal temperature sensor (Squirrel temperature loggers, Grant Instruments, 
Cambridge, UK). The acute elevating effect of the different wavelengths and photon 
densities of light was assessed using 2 aspects of the temperature profile (Section 
Z6.3.4).
Firstly, the slope of the rising limb of the CBT profile between 07:15 and 07:45 h, i.e. 
the first 30 minutes of the 4-hour light pulse at the end of N2, was calculated for N1 
and N2. The acute elevating effect of light on temperature can be observed within 30 
minutes of the start of the light pulse (Badia et al., 1991) and this was the rationale for 
measuring the slope from 07:15 -  07:45 h as there should be an observable effect. 
Within individuals it was possible to compare the slopes on N1 in the dim 
environmental lighting of the CIU and N2 during the light pulse to see if there was an 
elevating effect of the 4-hour light pulse. It was also possible to calculate an average 
slope of the CBT profile on N2 for each light condition to assess any spectral 
sensitivity of the response. An elevating effect would be indicated by a positive 
increase in the value of the slope, i.e. an increase in steepness, on N2 relative to N l. 
Comparison of the N2 slopes of the temperature profiles for each light condition 
would reveal if there was a distinguishable spectral component to the elevating effect. 
Secondly, the area under the curve (AUC) was calculated between 07:15 -  11:15 h 
(the time of the light pulse on N2) on Nl and N2 to see if there was an overall change 
in the temperature profile during the light pulse.
6.3.1.3 Assessment of alertness
Mood and alertness were subjectively assessed at the end of Nl and N2 (07:15 -  
12:00 h) using a 9-point alertness scale (1 -  very alert, 9 -  very sleepy) and the 
Karolinska sleepiness scale (1 -  very alert, 9 -  sleepy, great effort to stay awake), 
(section 2.3.4). Assessments were made every 30 minutes until 11:15 h, and then 
every 15 minutes until 12:00 h to assess the ‘after-effects’ of the light pulse whilst the 
subjects were still in the controlled posture. On N2 the assessments at 07:15 h 
occurred before the light pulse began and at 11:15 h before the end of the light pulse.
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The alerting effect of the light pulse could be assessed within individuals by directly 
comparing the levels of alertness on N l in the dim CIU environment to the levels on 
N2 during the light pulse. However, the phase-advancing protocol was not ideally 
designed for such a comparison as the blood sampling throughout each study night 
may have disturbed the subjects and disrupted their sleep. This disturbed sleep could 
have increased their level of sleepiness on the following morning and this effect 
would have been more pronounced at the end of N2, following 2 nights of disturbed 
sleep. As this had the potential to influence the subjects’ assessment of their alertness 
the N l and N2 comparisons were not used. Instead the alerting effects of the different 
light pulses were assessed directly by comparing the alertness results from N2, both 
during and after the light pulse.
The data from the Karolinska sleepiness and the 9-point alertness scales were 
analysed in 4 ways. The mean data at each time point (07:15 -  12:00 h) for each light 
condition were plotted to assess if there was an effect of wavelength at any time 
during and after the light pulse. The average sleepiness value in each light condition 
was calculated for 2 different time periods: between 07:15 -  12:00 h and between 
07:15 -  ll:15h. These values were used to determine if any differences between the 
light conditions occurred during the light pulse or were instead ‘after-effects’ of the 
light. To account for inter-individual variation in the region of the scale over which 
alertness was assessed the data were normalised based on the method described by 
Dijk and colleagues (1992). This was done for each individual by calculating the 
sleepiness value at each time point as a deviation from the baseline value at 07:15h, 
before lights on e.g. if the values at 07:15 and 07:45 h were 5 and 3 respectively then 
the normalised value at 07:45 h was -2, which indicates an increase in alertness. The 
individual normalised data at each time point were then converted into mean data and 
were compared to see if there was an effect of wavelength. Finally to assess if the 
alerting effect of light continued after the end of the light pulse the data at 11:30,
11:45 and 12:00 h were normalised to the last sleepiness value in the light pulse at 
11:15 h.
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6.4 RESULTS
The spectral sensitivity of the acute effects of light on CBT, self-rated alertness and 
pupil size were assessed in monochromatic light of 420, 440, 470 and 600 nm.
6.4.1 Acute elevating effect of light on core body temperature
The CBT profiles used in the current analysis were the same as those used in the 
phase shift assessments (Chapter 5). Unfortunately, not all of the temperature profiles 
could be used in the acute analysis described here due to missing data or aberrant 
profiles. However, even if N l data were not available, the N2 data could still be used 
in the calculations of the average slope of the rising limb of the temperature profile 
during the 4-hour monochromatic light pulse. Therefore, in the analysis presented 
here, the final sample sizes in each light condition will differ for the N2 average data 
and the N l and N2 comparisons. The sample size in each group is shown in Table 
6.1. There were insufficient numbers in each light condition to be able to carry out 
one-way ANOVA tests to compare the results obtained with the different wavelength 
and photon density light pulses. The small sample sizes in the low photon density 600 
nm and high photon density 470 nm light pulses should be noted.
Table 6.1. The sample size in each light condition used to calculate the average slope 
of the rising limb of the temperature profile at the end of N2. The sample sizes used 
for the comparison of the temperature slopes on Nl and N2 are given in brackets.
Wavelength (nm) 2.32 x 10u  
photons/cm2/sec
6.21 x 10“  
photons/cm2/sec
420 6(5)
440 6(6) 5(4)
470 3(3)
600 2(2) 6(5)
The slopes of the rising limb of the temperature profile between 07:15 and 07:45 h 
were calculated for N l and N2 for all subjects in each light condition and are 
compared in Figure 6.1. With the high photon density 440 nm light pulse (Figure 
6. Id) there was a pronounced increase in the steepness of the slope on N2 compared 
to N l in all subjects studied. With the low photon density 600 nm light pulse (Figure
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6.1c) there was a slight reduction in the slope on N2 in both subjects. The individual 
responses in the remaining light conditions were more variable. There was a slight 
increase in the steepness of the slope for half the subjects in the low photon density 
440 nm light pulse (Figure 6. lb) and for the majority of subjects in the high photon 
density 600 nm light pulse (Figure 6.11).
The slope of the temperature profile during the first 30 minutes (07:15 -  07:45 h) of 
the 4-hour light pulse on N2 for each light condition is shown in Figure 6.2. There 
was a pattern of response, as shown by the steepest slope, in both the low photon 
density light pulses (600 > 420 > 440 nm) and in the high photon density light pulses 
(470 > 440 > 600 nm). However, it is unlikely that there are any real differences 
between these groups as the mean values are very similar. There was a great deal of 
variation in the slope of the profile in all light conditions, which may reflect inter­
individual variation in the shape, and consequently the slope of the rising limb of the 
temperature profile. Therefore a more appropriate method of directly comparing the 
effects of the different light conditions on the slope of the temperature profile may be 
a within subject comparison.
Figure 6.3 shows the slopes of the temperature profile on Nl and N2 for individual 
subjects who completed more than 2 light conditions and had temperature data for 
analysis. An individual’s temperature profile would be expected to be fairly 
consistent in the study protocol and so it should be possible to compare an 
individual’s N2 slopes in the different light conditions. Within a subject the change in 
slope from N l to N2 varied with the intensity and wavelength of light. S14 (Figure 
6.3d) showed an increase in the slope on N2 in all the light conditions in which he 
was studied: low photon density 420 and 440 nm light and high photon density 440 
and 600 nm light pulses. S4 (Figure 6.3a) only showed an increase with the high 
photon density 440 nm and low photon density 420 nm light. The remaining 4 
subjects only showed an increase on N2 with a single light condition: the low photon 
density 440 nm for S7 (Figure 6.3b) and S I5 (Figure 6.3f), the high photon density 
440 nm light for S22 (Figure 6.3e) and the high photon density 470 nm light for S19 
(Figure 6.3 c).
286
o o(N § oCsJ
CM
O)
>%"O
5
(M SVLO - 91-10) 
aiüOJd ajniBjadiuai am 
jo qiuii Bujsu am jo adois
o
CM 8 8
CM
O )
Z
> .
" O
ë
(Ll 9V-A0-9i:i0)  
ailjojd ajnjejadiuaj aqj 
jo quuii Bujsu aqj jo adois
8 §
CM
O )
" O
ë
§d
o
CM §d
o
CMd ?d
CM
cn
> ,"O
I
(M S t ^ :Z 0  -  S l :Z 0 )  
ailjojd djnjBjaduuaj aqj 
jo quin Buisu aqj jo adois
§d
o
CM 8d
CM
O)
> ."Oë
(M S t 7 : Z 0 - S I . : Z 0 )  
ailjojd ajnjBjaduiaj aqj 
jo qiuji Guisu aqj jo adois
o
CM 8 oCM §
CM
0 5
> t
" Oë
o
(U
« 3  “
1  " a
g
1s i
.1
z
i
o
X
C N
d
I
§
cn
o
oo
o
m
0
1
<u
I
u4) m4= >
I
I
4-i
O
I
1c
I
'o
!
X
C N
m
C N
O
oVsO
o
(M S ^ Z O - S U Z O )  
aiyojd ajnjBjaduiai aqj 
jo qiuii Buisu aqj jo adois
( M 9 f r : Z 0 - S i : Z 0 )  
ailjojd ajnjBjadLuaj aqj 
jo qiuii Guisu aqj jo adojg
a
ÇU
P-i
287
•s
§<D
!
bCl  ms ?2 g
‘S
ii
i
ë
<4-1O
&
-2en
0.4 _
0.2
#
♦
0.0
- 0.2
-0.4
420 440 600
nm
2.32 x 1013 photons/cm2/sec
1 I I I
440 470 600m
nm
6.21 x 1013 photons/cm2/sec
Light Condition
Figure 6.2. Slope of the rising limb of the temperature profile at the end of N2 during the first 
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Figure 6.4 shows the change in the slope of the temperature profile (07:15 -  07:45 h) 
from N l to N2 in each of the light conditions. Positive values indicate an increase in 
the steepness of the slope and therefore suggest an elevating effect of light on CBT 
whereas negative values indicate a decrease in the steepness of the slope. In the mean 
data the greatest increase was seen with 420 nm for the low photon density light 
pulses and with 440 nm for the high photon density pulses. However, there are some 
outliers in the data which may bias the calculated mean so that it may not be the best 
representation of the data. Therefore the median change was a more appropriate value 
to use. The pattern of response was altered when the median values were used to 440 
> 420 > 600 nm for the low photon density light pulses and 440 > 600 > 470 nm for 
the high photon density light pulses. The mean and median changes in the slope are 
compared in Table 6.2. At both photon densities the greatest increase in the steepness 
of the slope was seen with the 440 nm light pulse and at the high photon density the 
440 nm light pulse produced the most consistent results with the least variation.
Table 6.2. The mean and median change in the slope of the rising limb of the 
temperature profile (07:15 -  07:45 h) from Nl to N2.
Photon density Wavelength Mean Change Median
(photons/cm2/sec) (nm) (± SEM) Change
2.32 x 10u 420 0.06 ± 0.08 -0.03
2.32 x 10u 440 -0.06 ± 0.06 0.01
2.32 x 10u 600 -0.07 ±0.01 -0.07
6.21 x 10" 440 0.14 ±0.01 0.15
6.21 x 10" 470 0.05 ± 0.09 -0.04
6.21 x 10" 600 -0.02 ± 0.09 0.04
The area under the curve (AUC) of the temperature profile between 07:15 -  11:15 h 
was calculated and the change in AUC between Nl and N2 is shown in Figure 6.5. 
With the median data the pattern of response, with the greatest increase in AUC from 
N l to N2 was 440 > 420 > 600 nm (low photon density), which was the same pattern 
observed with the change in slope, and 470 > 440 > 600 nm (high photon density). At 
the high photon density the difference between the 440 and 470 nm data was only 
0.25 showing very little difference between these 2 wavelengths.
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At the low photon density the greatest change in the steepness of the slope of the 
temperature profile (07:15 -  07:45 h) and the AUC (07:15 -  11:15 h) occurred with 
440 nm light. At the high photon density 440 nm was more effective than 600 nm at 
increasing the steepness of the slope and the AUC from Nl to N2. The sample size in 
the 470 nm light condition was very small and compared to 440 nm the 470 nm light 
was less effective at increasing the slope but as effective at increasing the AUC.
6.4.2 Alerting effect of light
Assessment of alertness was made during the phase shifting study sessions (Chapter 
5). The alertness data from all the subjects studied was used in the analysis and the 
final sample sizes for each light condition are shown in Table 6.3. It should be noted 
that an additional subject (S21L8) was studied at 470 nm (high photon density) but he 
left the study session early, after N2, due to ill health. Therefore there was no N3 data 
available to be used in phase shifting calculations but the alertness data from N l and 
N2 was included.
Table 6.3. Sample sizes used in each light condition for alertness assessments.
Wavelength (nm) 2.32 x 1013 
photons/cm2/sec
6.21 x 101J 
photons/cm2/sec
420 7 -
440 6 8
470 - 8
600 2 10
Initially the subjective sleepiness measurements based on the 9-point alertness scale 
are described.
Figure 6.6 shows how subjective sleepiness, assessed by the 9-point alertness scale, at 
the end of N2 varied over time in each of the 6 light conditions. In the low photon 
density 600 nm light alertness decreased during the light pulse but increased towards 
the end of the pulse and after it finished. For the high photon density 600 nm light the 
level of alertness was fairly constant throughout and after the light pulse. For the high 
photon density 470 nm and low photon density 440 nm light there was a decrease in
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alertness at the start of the light pulse and then a gradual increase after 2-hours in the 
light and the maximum level of alertness was reached after the light pulse ended. 
There was a fairly consistent level of alertness in the high photon density 440 nm and 
low photon density 420 nm light throughout the light pulse with a gradual increase in 
alertness that reached a maximum after the end of the light pulse. During the light 
pulse between 09:15 and 10:15h ( 2 - 3  hours after light onset) the highest level of 
alertness occurred with the high photon density 440 nm light. After the end of the 
light pulse the highest level of alertness occurred with the low photon density 440 nm 
light. The lowest level of alertness was observed in the low photon density 600 nm 
light.
A 2-way ANOVA was carried out to assess the effects of time and wavelength on all 
alertness values except the low photon density 600 nm condition, as the sample size 
for this condition was too small to be included in statistical analysis. Levene’s test of 
Equality of Error Variances suggested that the error variance of the dependent 
variable was not equal across groups (F = 2.754, dfl = 59, d2 = 408, p < 0.001) and 
therefore a more stringent significance level of 0.01 was used in the subsequent 
analysis. There was a significant effect of both time (F = 2.623, df = 11, p = 0.003) 
and wavelength (F = 10.197, df = 4, p < 0.001) on alertness but there was no 
interaction between time and wavelength in their effect on alertness (F = 0.428, 
df = 44, p = 1). Post-hoc analysis was carried out using the Tukey Honesty 
Significant Difference test to determine where the differences occurred. There was a 
significant difference between the alertness values at 08:45 and 11:30 h (p = 0.037) 
and the high photon density 600 nm light condition was significantly less alerting than 
all other light conditions: low photon density 420 and 440 nm (p < 0.001), high 
photon density 440 (p < 0.001) and 470 nm (p = 0.002).
Figure 6.7 shows the average subjective alertness during the 4-hour light pulse (07:15 
-  11:15 h) in each of the light conditions. The pattern of response, with the highest 
alertness values was 440 > 470 > 600 nm (high photon density) whilst at the low 
photon density the 420 and 440 nm light had similar alertness levels, which were both 
higher than the level observed with 600 nm. When an average alertness value was 
calculated for 07:15 -  12:00 h, which incorporated any after effects of the light, the
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440 nm light produced the greatest alertness values at both photon densities (Figure 
6.8).
Figure 6.9 shows the alertness values at each time point relative to the baseline value 
at 07:15 h before the light pulse began. The response varied with time with the low 
photon density 600 and 440 nm light and the high photon density 470 nm. There was 
an initial decrease in alertness followed by an increase from 09:15 h in the 440 and 
470 nm light and from 10:45 h in the 600 nm light. The high photon density 440 nm 
light showed a similar pattern over time but the magnitude of the changes in the level 
of alertness were much smaller. The alertness level in the 420 nm light was fairly 
consistent but gradually increased to a maximum at 11:30 h. The greatest increase in 
alertness relative to baseline was seen with the low photon density 440 nm light from 
10:45 h onwards.
A 2-way ANOVA was carried out to assess the effects of time and wavelength on 
these normalised alertness values, except the low photon density 600 nm condition. 
Levene’s test of Equality of Error Variances suggested that the error variance of the 
dependent variable was not equal across groups (F = 1.795, dfl = 54, d2 = 374, 
p < 0.001) and therefore a more stringent significance level of 0.01 was used in the 
subsequent analysis. There was a significant effect of both time (F = 3.168, df = 10, 
p = 0.001) and wavelength (F = 2.588, df = 4, p = 0.037) on alertness but there was no 
interaction between time and wavelength in their effect on alertness (F = 0.497, 
df = 40, p = 0.996). Post-hoc analysis, using the Tukey Honesty Significant 
Difference test, indicated that there a significant difference between the alertness 
values at 08:45 and 11:30 h (p = 0.018) and between 08:45 and 12:00 h (p = 0.034). 
There was also a significant difference between the 420 nm (low photon density) and 
470 nm light conditions (p = 0.05).
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Figure 6.7. Mean (+ SEM) subjective alertness during the 4-hour light pulse at the end of N2 (using 
alertness values from 07:45 - 1 l:15h).
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Figure 6.10 shows the mean alertness values at each time point after the end of the 
light pulse relative to the last value during the light pulse at 11:15 h. There was an 
increase in alertness at 11:30 h, 15 minutes after the end of the light pulse, with the 
low photon density 420 nm and high photon density 440 and 600 nm light. This 
higher alertness level was maintained with the low photon density 420 nm light over 
the subsequent 30 minutes. In the remaining light conditions there was a decrease in 
alertness at 11:45 h except following the low photon density 600 nm light, which only 
showed a change in alertness at 12:00 h when there was a large increase. The 
smallest decrease in alertness at 11:45 h was observed with the high photon density 
440 nm light.
Assessment of sleepiness with the Karolinska sleepiness scale showed a similar 
pattern of response over time to the 9-point alertness scale. There was an increase in 
sleepiness during the first 2-hours of the light pulse followed by a gradual decline in 
the level of sleepiness that reached a minimum at 11:30 h which then increased 
slightly (Figure 6.11). The greatest rate of decline in sleepiness and the lowest level 
of sleepiness (11:30 h) was observed in the low photon density 440 nm light. The high 
photon density 440 nm light showed the lowest level of sleepiness at the midpoint of 
the light pulse (10:15 h) but the greatest increase in the level of sleepiness after the 
light pulse ended.
A 2-way ANOVA was carried out to assess the effects of time and wavelength on all 
sleepiness values except the low photon density 600 nm condition, due to the sample 
size in this condition. Levene’s test of Equality of Error Variances suggested that the 
error variance of the dependent variable was not equal across groups (F = 1.496, dfl = 
59, d2 = 408, p = 0.014) and therefore a more stringent significance level of 0.01 was 
used in the subsequent analysis. There was a significant effect of time (F = 4.978, 
df = 11, p < 0.001) on sleepiness but there was no effect of wavelength (F = 1.572, 
df=  4, p = 0.181) or an interaction between time and wavelength in their effect on 
alertness (F = 0.502, df = 44, p = 0.997). Post-hoc analysis was carried out usingthe 
Tukey Honesty Significant Difference test to determine where the differences 
occurred. There were significant differences between the sleepiness values at 08:15 
and 11:30 h(p = 0.014), at 08:45 and 11:15 (p = 0.011), 11:30 (p < 0.001), 11:45
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(p = 0.003) and 12:00 h (p = 0.003) and at 09:15 and 11:15 (p = 0.035), 11:30 
(p = 0.002), 11:45 (p = 0.011) and 12:00 h (p = 0.011).
The average sleepiness value, based on the Karolinska sleepiness scale, during the 
light pulse (07:15 -  11:15 h) and throughout the whole morning (07:15 -  12:00 h) 
showed a similar pattern of response to the 9-point alertness scale with the low photon 
density light pulses (Figures 6.12 and 6.13). At the high photon density light the 
Karolinska sleepiness values were higher with the 470 nm light than the 600 nm light 
which was the opposite pattern to that observed with the 9-point alertness scale.
When the sleepiness values at each time point were compared to the baseline value at 
07:15 h there was an initial increase in sleepiness followed by a gradual decline in all 
light conditions except for the 420 nm light, which showed an initial decrease in 
sleepiness before following the general pattern (Figure 6.14). The point of decline in 
sleepiness (i.e. increasing alertness) occurred at different times for each light 
condition so that the following pattern was observed, with the earliest time first: 440 
high photon density > 420 low photon density and 600 high photon density > 440 low 
photon density > 470 low photon density > 600 low photon density. The minimal 
sleepiness levels were attained after the end of the light pulse (11:15 h) with the low 
photon density 420 and 440 nm light and high photon density 440 nm.
The 2-way ANOVA carried out on these normalised sleepiness level confirmed that 
that the error variance of the dependent variable was equal across groups (F = 1.032, 
dfl = 54, d2 = 374, p = 0.419) (Levene’s test of Equality of Error Variances). There 
was a significant effect of time (F = 4.489, df = 10, p < 0.001) and wavelength 
(F = 3.608, df = 4, p = 0.007) but no interaction between time and wavelength in their 
effect on alertness (F = 0.427, df = 40, p = 0.999). Post-hoc analysis was carried out 
using the Tukey Honesty Significant Difference test to determine where the 
differences occurred. There were significant differences between the sleepiness 
values at 08:15 and 11:30 h (p = 0.036), at 08:45 and 11:15 (p = 0.029), 11:30 
(p = 0.002), 11:45 (p = 0.10) and 12:00 h (p = 0.01), at 09:15 and 11:30 (p = 0.006),
11:45 (p = 0.029) and 12:00 (p = 0.029). There was also a significant difference 
between the 420 nm (low photon density) and 470 nm (high photon density) light 
conditions (p = 0.003).
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Figure 6.15 shows the sleepiness values after the end of the light pulse relative to the 
last sleepiness measurement in the light pulse (11:15 h). The sleepiness levels 
gradually increased in the high photon density 440 nm and decreased in the low 
photon density 600 nm. There was a consistent decreased level of sleepiness after the 
end of the light pulse in the high photon density 470 and 600 nm light. In the low 
photon density 440 and 420 nm light there was an initial decrease in sleepiness which 
declined at 11:45 h in the 440 nm light and at 12:00 h in the 420nm light.
6.5 DISCUSSION
The spectral sensitivity of the acute effects of light on irradiance dependent responses 
was assessed with monochromatic light pulses of 420, 440, 470 and 600 nm. The 
acute effects of light on subjective alertness, CBT and the pupillary response were 
investigated.
6.5.1 Acute effect of light on CBT
The acute response of the temperature profile to the monochromatic light pulse was 
assessed by calculating the slope of the ascending limb of the CBT profile between 
07:15 and 07:45 h, the first 30 minutes of the light pulse. A steeper slope, as 
indicated by a more positive value, suggested that the light was having an elevating 
effect on CBT. There was large inter-subject variation in the slope of the temperature 
profile. In addition, the shape of the temperature profile may vary with season and 
the study sessions took place throughout the year. Due to these variations in the CBT 
profile it did not seem appropriate to directly compare the N2 values and therefore the 
most appropriate method of assessing the effects of the different wavelengths of light 
was an intra-subject comparison; the change in the slope of the temperature profile 
from N l, in the dim CIU lighting, to N2, in the monochromatic light pulse.
Assessment of the individual changes in the slope of the CBT profile from N l To N2 
revealed that there was a consistent increase in the steepness of the slope on N2 with 
the high photon density 440 nm light, which suggests that this light has an elevating 
effect on the CBT. There was a slight decrease in the slope on N2 in the low photon 
density 600 nm light pulse suggesting that this light has little effect on the CBT. This 
slight decrease could be attributed to the CBT profile having delayed slightly on N2, 
consistent with a daily drift in phase in dim light conditions. This would mean that
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different phases of the CBT profile were being measured on N l and N2, with the 
earlier phase on N2 being closer to the Tmin and therefore having a shallower slope.
The CBT response to the remaining light pulses was not as consistent although there 
was an increase in the slope of the CBT profile on N2 in all but one subject in the 
high photon density 600 nm, which suggests that this light has an elevating effect.
The small sample size in the high photon density 470 nm light condition makes it hard 
to draw any firm conclusions with 2 of the 3 subjects exhibiting a slight decrease in 
the slope on N2. There was an increase in the slope for half the subjects in the low 
photon density 440 and 420 nm light. This variable response in the low photon 
density light pulses could be due to variation in the subjects’ sensitivity to light. With 
a high photon density pulse a more consistent response would be expected as the 
threshold for response may be achieved in the majority of individuals.
The change in the slope of the CBT profile and the AUC (07:15 -  11:15 h) from N l to 
N2 was assessed. At both photon densities the 440 nm light produced the greatest 
increase in the steepness of the slope and AUC on N2 which suggests that the acute 
elevating effect of light was maximally sensitive to 440 nm light. At the high photon 
density the increase in the AUC was similar in the 440 and 470 nm light conditions. 
This similar response could be due to the small sample size in the 470 nm light 
condition or could reflect the fact that the AUC and ascending slope are assessing the 
effect of light on the temperature profile over 2 different time courses. The change in 
the slope from N l to N2 (07:15 — 07:45 h) was monitoring an immediate response to 
the light. The AUC response, however, incorporated the effect of the entire light 
pulse (07:15 -  11:15 h). It may be that it is the initial 30 minutes of the light pulse 
that has an acute effect and the remaining part of the light pulse has less or no further 
effect. Therefore during the initial 30 minutes of the light pulse the elevating effect 
would be observed as an increase in the slope and concomitantly there would be a 
change in the AUC over this time. However, after this initial response there may be 
no further change or less marked changes in the profile due to the light pulse. The 
calculated AUC will therefore depend more on the individual subject’s profile and as 
there is high inter-subject variation in the shape of the CBT profile the AUC may not 
accurately represent the acute effect of the light.
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When the dose dependence of the CBT response was assessed by comparing the high 
photon density and low photon density at 440 and 600 nm there was a greater increase 
in the CBT slope on N2 with the high photon density of both wavelengths. This 
suggests that the acute effect of light on the temperature profile was dose dependent.
A paradoxical observation was that there was a greater absolute increase in the AUC, 
from N l to N2, with the low photon density 440 nm light than the high photon density 
440 nm light. Although this could reflect the individual differences discussed earlier 
it could also represent a difference in the time course of the response to the 2 photon 
density light pulses. It could be that the acute effect of light requires a certain 
threshold to be attained before a response is initiated. If there is a cumulative effect 
of the photons then with a lower photon density the acute effect of the light will be 
observed at a later time point than with a high photon density pulse. Therefore there 
could be a greater change in the AUC with a low photon density pulse as the effect of 
the light is delayed and therefore has a more profound influence on the shape of the 
profile than on the initial slope. Such a hypothesis may also explain why the slope 
response was more variable with the low photon density 440 nm light pulse as 
compared to the high photon density 440 nm pulse. This threshold response could 
also be used to explain the variation in the AUC and slope measurements with the 
high photon density 440 and 470 nm light pulses. The spectral sensitivity of a 
photoreceptor determines the probability that a photon of a specific wavelength will 
be absorbed and therefore if the photoreceptor is more sensitive to 440 than 470 nm 
light then there is a greater probability that a 440 nm photon being absorbed. If this is 
the case then the response threshold will be achieved at a later time point with the 
470 nm than the 440 nm light and so the 470 nm light may have a greater effect on the 
shape of the CBT profile and therefore the AUC. This delayed effect of the light 
could explain the fact that there was a greater increase in the AUC than in the slope 
from N l to N2 in the 470 nm light.
It is possible that the elevating effect of light on CBT and the increased steepness of 
the slope during the light pulse is not just an acute effect of light but could represent 
an immediate phase-advancing effect. This elevating effect could reflect the 
mechanism by which a phase advance is initiated and if this was the case then the 
spectral sensitivity of this effect would be expected to be similar to the phase advance 
response.
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The observed patterns of response are interesting but the differences are often 
minimal and the sample sizes small so that more work would need to be done before 
any conclusions can be drawn. However the present results provide a starting point 
for future work. The consistent and profound increase in the slope of the ascending 
limb of the temperature profile on N2 with the high photon density 440 nm light 
suggests that this light pulse is the most effective at elevating the core body 
temperature. Further confirmation of this is provided by the fact that within both the 
high photon density and low photon density light conditions 440 nm light showed the 
most consistent and greatest increase in the CBT slope on N2. In addition, intra­
subject comparisons, in subjects exposed to more than 1 light condition, revealed that 
the high photon density 440 nm was most effective wavelength at elevating CBT. 
Assessment of the AUC during the light pulse confirmed that the 440 nm light had the 
greatest elevating effect at the low photon density and had an equal elevating effect to 
470 nm at the high photon density. Ideally the sample size in the 470 nm light pulse 
should be increased before any firm conclusions can be drawn.
6.5.2 Acute effects of light on alertness
The spectral sensitivity of the acute alerting effect of light was assessed by the 
Karolinska sleepiness scale and a 9-point alertness scale, which both identify 1 as 
very alert and 9 as very sleepy. The direct alerting effects of the different light pulses 
were assessed by comparing the results from N2, during and after each light 
condition.
Despite the fact that the 2 scales use the same numerical values and range to 
determine sleepiness there was some variation in the observed results. The 
Karolinska scale has specific definitions of alertness/sleepiness associated with the 
odd numerical values and this may encourage subjects to select these values instead of 
the even numerical values. These rigid definitions could also reduce the resolution of 
the response, as an individual may not observe a slight change in sleepiness if their 
level of sleepiness still falls within the description used for a specific value.
However, the use of the Karolinska scale should allow standardisation of sleepiness 
assessments as the subjects all use the same definitions of alertness. The 9-point 
alertness scale has no such associations and therefore individuals may feel freer in 
choosing a numerical value to represent their alertness level. The absence of specific
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definitions means that individuals may self-rate over different regions of the scale e.g. 
one subject may fluctuate between 1 and 3 whilst another subject may vary between 5 
and 7, which would influence the mean data. Normalising the data relative to the 
initial value before the start of the light pulse should eliminate such influences. The 
main problem with both these scales is that the assessments are subjective and the 
data may be influenced by the subjects comparing their state of alertness at one time 
point to how they felt previously. Ideally objective measures of alertness such as 
waking EEG activity or slow eye movements (SEMs), which have been shown to be 
accurate predictors of the state of alertness (Cajochen et al., 1999), should be used to 
assess the level of alertness. However, subjective measures of alertness follow a 
similar time course and pattern to objective assessments such as psychomotor 
vigilance performance and cognitive throughput (Dijk et al., 1992; Cajochen et al.,
1999). Therefore the subjective measures used in the current study should provide a 
good representation of alertness.
The level of alertness, assessed by both scales, varied over the time course of the light 
pulse with an increase in sleepiness during the first half of the light pulse which 
peaked and was followed by a decrease in sleepiness that was maintained after the end 
of the pulse. The initial increase in sleepiness was probably due to sleep inertia, 
where there is a decrease in performance upon waking compared to the performance 
prior to sleep (Seminara and Shavelson, 1969). There is a circadian rhythm in 
alertness that peaks just before habitual bedtime and troughs just before habitual 
waketime (Wyatt et al., 1999). Therefore there will be a gradual increase in alertness 
after waking. It could be suggested that the alertness response observed in this study 
is merely reflecting the endogenous rhythm in alertness. In addition, the alerting 
effects of bright light are often not seen during the waking day (Badia et al., 1991) 
and this is presumably because the level of alertness is rising or at a high level, 
promoted by the circadian pacemaker, and therefore any further increases may not be 
detectable. However, in the current study the absolute levels of alertness and the start 
of the rise in alertness varied with the light conditions, which suggests that there may 
be a spectral effect. The reports that the alerting effects of light are often not 
observed during the day suggests that it may be difficult to distinguish the effects of 
the different light conditions. As the protocol may have limited resolution to detect 
the effects of the different light conditions it may be more appropriate to use the
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results from the 9-point alertness scale which may provide more resolution than the 
Karolinska sleepiness scale, as discussed above.
With both scales the greatest level of sleepiness and the greatest increase in alertness 
after the end of the light pulse were observed with the low photon density 600 nm 
light which suggests that this light had the least alerting effect. With the 9-point 
alertness scale the absolute sleepiness level remained consistent throughout and after 
the high photon density 600 nm light which suggests that this wavelength of light did 
not have a profound alerting effect. Indeed the high photon density 600 nm light had 
a significantly less alerting effect than all the short wavelength light conditions when 
using the raw, absolute alertness levels. The high photon density 470 nm light 
showed a strong time dependent response with the increase in alertness occurring at 
an earlier time point than both the low photon density and high photon density 
600 nm light pulses, using the 9-point scale. The subjects exposed to the high photon 
density 470 nm light exhibited higher absolute sleepiness values and the increase in 
alertness occurred at a later time point than the shorter wavelength light pulses 
(440 and 420 nm). These combined results suggest that 470 nm light had a greater 
alerting effect than 600 nm light but was less effective than the 440 and 420 nm light. 
This hypothesis is additionly supported by the fact that the normalised data showed 
that the alertness levels in the 420 nm (low photon density) were significantly higher 
than in the 470 nm (high photon density) light condition.
Both the low photon density 420 nm and high photon density 440 nm produced a 
fairly consistent level of alertness throughout the light pulse. They also exhibited the 
highest absolute level of alertness. The low photon density 420 nm light had a greater 
alerting effect than an equal photon density 440 nm pulse but a similar effect to the 
high photon density 440 nm light pulse. This suggests that 420 nm light may be more 
effective than 440 nm light at increasing subjective alertness levels. Using the 
Karolinska sleepiness scale the high photon density 440 nm light pulse exhibited the 
lowest level of sleepiness between 08:45 and 09:15 h. Using the 9-point alertness 
scale the low photon density 440 nm light showed an initial decrease in alertness 
followed by a rapid increase to reach the highest absolute alertness levels. When the 
9-point scale data were normalised relative to each individual’s baseline value at
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07:15 h, before the start of the light pulse, a similar pattern of response overtime was 
observed for all light conditions.
Before further interpretation of the data can occur, a hypothesis of how the acute 
effects of light on alertness are mediated needs to be proposed. It may be that an 
alerting effect of light is only observed when a certain threshold of photons is 
exceeded. Photoreceptors act as photon counters but their spectral sensitivity 
determines the probability that a photon will be absorbed. Therefore the time point 
within a light pulse, at which sufficient photons have been absorbed to achieve the 
photon threshold, will depend on the wavelength and photon density of the light 
pulse, assuming that there is a cumulative effect of the photons. The time at which an 
alerting effect is observed will thus vary with the parameters of the light pulse such as 
irradiance and wavelength. The length of time that the alerting effect is sustained 
after the end of the light pulse would presumably depend on how long the effect of the 
photons is maintained above the threshold and the rate at which this declines. This, in 
turn, may depend on how much higher than the threshold the photon level is, with a 
higher level meaning it would take longer for the number of photons to become sub­
threshold and therefore the effect of light would be maintained for longer. The point 
after which the alerting effect declines may also depend on when the alertness 
threshold was initially reached.
The consistent high level of alertness during the high photon density 440 nm and low 
photon density 420 nm light suggests that the light is having an immediate alerting 
effect that is maintained throughout the 4-hour light pulse. In addition, when the data 
were normalised there was little difference between the baseline value at 07:15 h and 
the subsequent values suggesting that the light had a rapid alerting effect. As this 
effect occurred early on in the light pulse the subjects would not have noticed any 
profound change in their level of alertness and so assessed their alertness level as 
being constant. This agrees with an earlier study by Hoppen (2001), who showed that 
when 2-hours of bright white light (10 000 lux) was administered at night (02:00 -  
04:00 h) an increase in alertness was observed within 30 minutes of the start of the 
light pulse. Therefore it is possible that the light pulse administered in the present 
study could be having an effect in the first hour as shown by the maintained, increased
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level of alertness over this time during the low photon density 420 nm and high 
photon density 440 nm light pulses.
The pattern of response observed with all the remaining light pulses was similar with 
an initial decrease in alertness followed by a gradual increase in alertness. The point 
at which this increase in alertness occurred could have been determined by when the 
photon threshold was attained and this would have varied with both wavelength and 
photon density. The low photon density 440 nm light produced a profound increase 
in alertness after 90 minutes in the light and the highest absolute alertness level was 
achieved after 3.5 hours in the light. This suggests that, unlike with the high photon 
density 440 nm light, the alerting effect of light was not seen immediately but once 
the threshold was achieved there was a rapid increase in alertness. The fact that the 
alertness assessments are subjective measures may explain the difference in the 
absolute levels of alertness with the low and high photon density 440 nm light. With 
the high photon density 440 nm light a high level of alertness was quickly attained 
and maintained and so the subjects did not exhibit a time dependent response. 
However, with the low photon density 440 nm light the subjects initially felt sleepy so 
when the acute alerting effect of light occurred they perceived this increase in 
alertness. As this increased alertness was so different to the initial sleepiness it may 
have been more noticeable to the subjects. Therefore the subjects may rate this 
increased alertness, at a later point in the light pulse, at a higher absolute level than 
they would in a light pulse that had a consistent alerting effect from the start of the 
pulse.
The mean level of alertness, as assessed by the 9-point scale, over the whole 4-hour 
light pulse showed the following pattern of response: 440 > 470 > 600 nm (high 
photon density) and 420 > 440 > 600 nm (low photon density), although the 
difference between the 420 and 440 nm light pulses was marginal. This suggests that 
for the duration of the light pulse the high photon density 440 nm light pulse had the 
greatest alerting effect. When the mean alertness level during the whole morning 
(07:15 -  12:00 h) was calculated then the 440 nm light was the most alerting 
wavelength at both photon densities. This suggests that the time course of the alerting 
effect of the 440 nm light depended on the photon density of the light pulse. The 
delayed alerting effect of the low photon density 440 nm light pulse, towards the end
Chapter 6 The spectral sensitivity of the acute effects o f light 312
and after the light pulse, would fit with the alertness threshold hypothesis whereby the 
level of alertness and maintenance of this level depends on a cumulative photon 
effect. At the lower photon density the alertness threshold was achieved at a later 
time point and therefore persisted after the end of the light pulse. It appears that the 
effect of the light both during and after the light needs to be considered in order to 
assess the spectral response of the alerting effect.
The alertness assessments after the end of the light pulse were used to determine the 
after-effects of the light. In previous studies assessing the alerting effects of bright 
white light at night the positive effects of light did not persist for more than 30 
minutes after light treatment (Hoppen, 2001). Therefore it is likely that in the current 
study by assessing the alertness levels for 45 minutes after the end of the light pulse 
the main after-effects of the light pulse would be observed. The duration of such 
‘after effects’ would be relevant in a shift work environment. In the present study the 
level of alertness was either maintained or slightly increased 15 minutes after the end 
of all the light pulses (11:30h), relative to the last measurement in the light pulse.
This suggests that the alerting effect of light can be maintained for at least 15 minutes 
after the end of the light pulse. The high level of alertness was maintained for 45 
minutes following the low photon density 420 nm light pulse, which suggests that this 
wavelength of light had a strong alerting effect which can be maintained after the end 
of the pulse.
The remaining light pulses showed a slight decrease in alertness 30 minutes after the 
end of the pulse followed by a increase or no change at 12:00 h. The smallest 
decrease in alertness at 11:45 h was observed with the high photon density 440 nm 
and the greatest decrease with the low photon density 440 nm. The fact that the 
decrease in alertness at 11:45 h in the high photon density 440 nm was only slight and 
that the alertness was still at a higher level than it was in the light pulse at 11:15 h 
suggests that the overall level of alertness was maintained. The decrease in alertness 
with the low photon density 440 nm and high photon density 470 nm light may 
suggest that insufficient photons had been absorbed to maintain the effect of the light. 
For the low photon density 440 nm this could be due to less photons being available 
whilst for the high photon density 470 nm light the spectral sensitivity of the
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photoreceptor(s) involved could have meant that there was a reduced probability of 
the photons of this wavelength being absorbed.
The alerting effect of the light pulse was maintained for 45 minutes after the end of 
the light pulse with both the high photon density 440 and 600 nm light pulses which 
could be explained by the maintenance of the alertness threshold. For the 440 nm 
light pulse a large number of photons may have been absorbed due to the spectral 
sensitivity of the photoreceptor involved and if the threshold was greatly exceeded 
then the effect would have been maintained for longer. With the 600 nm light the 
threshold may only have just been achieved, due to the photoreceptors not being very 
sensitive to longer wavelength light, and therefore the effect was maintained after the 
end of the pulse. The sleepiness levels, assessed by the Karolinska sleepiness scale, 
were significantly lower after the end of the light pulse compared to the values after 1 
hour in the light condition. In addition, both the absolute and normalised alertness 
levels were significantly higher after then end of the light pulse as compared to the 
levels after 90 minutes in the light pulse. These results add support to the threshold 
hypothesis and suggests that the alerting effects of light are only seen once a threshold 
is achieved and this may only occur towards the end or after the end of the light pulse.
In summary there appears to be a time dependent, dose dependent and spectral 
component to the alertness response observed using a 9-point subjective alertness 
scale. The high photon density 440 nm light pulse resulted in the lowest mean 
sleepiness level during the 4-hour light pulse and also over the entire morning 
(07:15 -  12:00 h), which should have incorporated some of the after-effects of the 
light pulse. When the time course o f the response is considered the 440 nm light 
pulse showed a consistent high level of alertness throughout the morning which 
suggests that the 440 nm light pulse had a fairly immediate alerting effect that was 
maintained. The lower absolute alertness levels and the variation in response over the 
time course of the light pulse observed with both the 470 and 600 nm light pulses 
suggests that these wavelengths were not as effective as 440 nm at increasing 
subjective alertness. The high photon density 600 nm light was significantly less 
effective than any of the short wavelength light pulses at increasing alertness levels.
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When the low photon density light pulses are considered there may be a substantial 
time dependent component. When the mean normalised values over the time course 
of the light pulse were assessed the 420 nm light pulse showed a similar pattern to the 
high photon density 440 nm light pulse with a consistent high level of alertness 
throughout the morning. This suggests that the 420 nm light had a greater alerting 
effect than the 440 and 600 nm light pulses of equal photon density. The low photon 
density 440 nm light pulse showed an initial decrease in alertness followed by a rapid 
increase after 90 minutes of the light pulse. This suggests that the alerting effect of 
the low photon density 440 nm light may be delayed until a specific threshold is 
reached and then there is a rapid increase in alertness.
The differences in the response to the 440 nm light pulses of different photon 
densities may provide an insight into how the alerting effects of light are mediated. 
The immediate consistent alerting effect of the high photon density 440 nm compared 
to the delayed gradual increase in alertness in the low photon density 440 nm light 
suggests that the acute alerting effects of light depend on a specific photon threshold 
being achieved. When the high photon density light pulses are considered it appeared 
that 440 nm light had the greatest alerting effect but at the low photon density the 
420 nm light appeared to be more alerting during the initial part of the light pulse 
whereas the 440 nm light had a greater effect in the latter part and after the end of the 
light pulse. This delay in response suggests that the alertness photon threshold was 
achieved more quickly with the 420 than the 440 nm light and therefore the 
photoreceptor(s) involved appear to be more sensitive to 420 nm. These observations 
combined with the fact that the low photon density 420 nm shows a similar pattern of 
response to the high photon density 440 nm light pulse containing twice as many 
photons indicates that 420 nm light is the most effective wavelength of light at 
increasing alertness. The alerting effects of a high photon density 420 nm light pulse 
need to be assessed.
6.5.3 Interactions of melatonin, temperature and alertness
It has been proposed that the circadian rhythms of melatonin, core body temperature 
and alertness are able to interact and modulate each other (section 1.4.4.1). Perhaps it 
is possible that the ability of the rhythms to influence each other may be determined 
by a hierarchy whereby these circadian rhythmic processes can influence rhythms
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below them in the hierarchy but not above them. The fact that exogenous melatonin 
can modulate temperature and alertness (Cagnacci et al., 1992), whilst CBT can 
influence neurobehavioural performance (Wright et al., 2002) suggests the following 
hierarchy: melatonin, temperature and alertness. The circadian rhythms in melatonin, 
temperature and alertness are all driven by the central pacemaker. However, the 
absolute levels or the phase relationships of these rhythms to the 24-hour day or each 
other may be modulated by interactions between these rhythms. For example, the 
modulation of CBT and alertness by melatonin could be mediated via the central 
clock or independently via other processes or brain areas involved in controlling 
alertness and temperature.
If the acute effects of light on each of these 3 markers are mediated via the central 
clock they would be expected to utilise the same photoreceptive mechanism and 
exhibit the same spectral sensitivity. Alternatively, if the effects of light on each 
rhythm are mediated by different retinal pathways and independent brain areas then 
the spectral and absolute sensitivities of the acute responses will differ. It is possible 
that light has a separate acute effect on these parameters but that the acute effect of 
light on one parameter can further modulate the acute effects of light on the rhythms 
below them in the hierarchy. For example, light can acutely increase alertness but the 
level of alertness could be further raised due to an increase in CBT, which has been 
elevated by the acute effects of light. The heightened sensitivity of the alertness 
response, compared to the melatonin suppression response (section 1.4.3), could 
reflect the dual requirement of a direct photic input to the system controlling alertness 
combined with an increase in temperature or a decrease in melatonin, that has been 
caused by an acute effect of light. This could explain why an increase in alertness 
may not be seen immediately and why a higher intensity light may be required to 
elicit a response, as it may only be at these higher light levels that the CBT is 
sufficiently elevated to trigger an increase in alertness. Conversely it was shown that 
the transitions between diurnal and nocturnal states in melatonin secretion, CBT and 
sleepiness all coincide (Wehr et al., 2001) which suggests that they are all 
independently controlled by one oscillator as they change simultaneously. However, 
it is possible that within a nocturnal or diurnal state these rhythms may still interact, 
for example by influencing the absolute levels or amplitude of another rhythm below 
it in this hypothetical hierarchy.
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These interactions of the acute effects of light combined with the phase shifting effect 
of light on these rhythms mean that determining the spectral sensitivity of any one of 
these acute responses is complicated. One acute response to light may confer its 
spectral sensitivity on another acute response, even if they do in fact use different 
photoreceptive pathways.
6.5.4 Comparison of the acute effects of light on alertness and CBT
The fact that both the alerting and temperature elevating effects of light were 
maximally sensitive to the high photon density 440 nm light suggests that all the acute 
effects of light may have a similar spectral sensitivity. This, in turn, could mean that 
all these effects are mediated by the same photoreceptive system. Even if the same 
photoreceptors are involved, the acute effects of light on alertness and temperature 
could involve independent control mechanisms. In addition, the increase in the level 
of alertness due to the acute effect of the light may be further modulated by the 
increase in core body temperature.
An interesting comparison of the effects of light on temperature and alertness can be 
made with the low photon density 440 nm light pulse. Both the alertness levels and 
the AUC of the CBT profile suggest that the acute effects of light are delayed until 
until a specific threshold is reached. These results support the threshold hypothesis 
and the similar response dynamics could reflect the fact that the same central system 
is mediating the acute effects of light or that the CBT elevation influences the 
alertness response.
The major discrepancy in the alertness and temperature data was following the low 
photon density 420 nm light pulse. The low photon density 420 and high photon 
density 440 nm light pulses produced similar levels of alertness over the course of the 
light pulse. It was not possible to determine if the slightly higher level of alertness 
achieved with the high photon density 440 nm was a spectral response or due to an 
increased number of photons. In contrast, the acute temperature elevating effect of 
light was maximally sensitive to 440 nm light at both photon densities and the high 
photon density 440 nm was considerably more effective than the low photon density 
420 nm light. The increased sensitivity of the alertness response to shorter 
wavelength 420 nm light could reflect a difference in the photoreceptors involved or a
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difference in the sensitivity or resolution of the markers. It could be that the alerting 
effects of light involve an additional input from a short wavelength sensitive 
photoreceptor, such as the S-cone. Alternatively the methods used to assess alertness 
may not provide sufficient resolution to distinguish the effects of the short wavelength 
420 and 440 nm light pulses.
It is also possible that the method used to calculate the acute effect of light on 
temperature only provides sufficient resolution to see very strong elevating effects. 
The only light condition where there was a consistent elevation of CBT on N2 was 
with the high photon density 440 nm light which suggests that this is the most 
effective wavelength. The variable response with the other light conditions could be 
due to a lack of resolution or lack of effect so that an enhanced elevation of CBT with 
420 nm light was not observed.
6.5.5 Spectral sensitivity of the acute effects of light
The results presented here suggest that the acute alerting and temperature elevating 
effects of light are maximally sensitive to short wavelengths. The findings show that 
440 nm was the most effective wavelength but that there may also be a heightened 
sensitivity to 420 nm light. More subjects at more wavelengths and irradiances need 
to be studied to be able to construct irradiance response curves and an action spectrum 
before the absolute wavelength of maximal sensitivity can be identified.
The spectral sensitivity of the light alerting responses is in strong agreement with the 
action spectra for light-induced melatonin suppression which have Xmax 464 and 
459 nm, respectively (Brainard et al., 2001b; Thapan et al., 2001). Both these action 
spectra show a heightened sensitivity to the shorter wavelengths that was not 
necessarily evident from the Xmax calculated by fitting a Dartnall nomogram. In one 
of the action spectra the pattern of response was 440 > 460 > 480 nm (Brainard et al., 
2001b) whilst in the other action spectrum it was 424 > 456 > 472 nm (Thapan et al., 
2001). The same pattern of response was observed in the present data (440 > 470 nm) 
whereby 440 nm was more effective than an equal photon density pulse of 470 nm at 
elevating CBT and at increasing alertness. It should be noted that the melatonin 
suppression data were corrected for lens transmission. If the alertness and CBT data
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were similarly corrected then the 440 nm light would appear to be even more effective 
than the 470 nm light.
The present results show that at the low photon density 440 nm was more effective 
than 420 nm at elevating CBT but it was harder to distinguish the efficacy of these 2 
wavelengths at increasing alertness. At the high photon density 440 was more 
effective than both 470 and 600 nm at increasing alertness and elevating CBT. This 
overall pattern of response was similar to that observed with light-induced melatonin 
suppression which may suggest that all acute responses to light are mediated by the 
same short wavelength sensitive photoreceptive mechanism. In addition there may 
also be an increased sensitivity at 420 nm for the alerting effects of light that was also 
observed for light-induced melatonin suppression (Thapan et al., 2001). This is 
further evidence that all the acute responses are mediated by the same 
photoreceptor(s). Although the findings suggest that there may be a role for the 
S-cone in all irradiance dependent responses this requires further investigation using 
shorter wavelengths. Indeed, the light-induced melatonin suppression response to 415 
nm light has subsequently been tested and the revised action spectrum suggested that 
there was not a role for the S-cone (Thapan and Skene, unpublished observations).
6.5.6 Comparison to the phase shifting data
The phase shifting data presented in Chapter 5 suggested that 470 nm was more 
effective than 420, 440 and 600 nm light at phase advancing the Meloff50%, if the 
data were not corrected for pre-receptoral filtering by the lens. However, the acute 
effects of light on alertness and CBT appear to be more sensitive to 440 nm light. 
There could be a number of explanations for this discrepancy. It may be that the 
phase shifting and acute effects of light utilise different photoreceptors or different 
combinations of photoreceptors which would account for the difference in spectral 
sensitivity. The acute effects of light may have an additional input from the S-cone 
that is not seen in the phase shifting response and this would shift the sensitivity to 
shorter wavelengths. The phase shifting response could have a dominant input from 
one photoreceptor, such as a melanopsin based system, which maintains the spectral 
sensitivity at 470 nm. The acute effects of light could receive photic information 
from a combination of photoreceptors, which would broaden the spectral sensitivity, 
or the photic information may be differentially processed.
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Alternatively the small sample size and variation in the CBT data with the 470 nm 
light could be biasing the data so that this wavelength appears to be less effective than 
it really is. However, the fact that the alertness data also showed an increased 
sensitivity to 440 nm light with large sample sizes at both 440 and 470 nm suggests 
that this difference in sensitivity is real. It is, however, also possible that the 
difference in spectral sensitivity merely reflects the fact that the alertness and CBT 
responses are less sensitive or provide less resolution than the melatonin phase shifts. 
Both alertness and temperature are subject to influences from the sleep homeostat and 
masking which could influence the observed response, whereas melatonin is thought 
to be a very accurate assessment of the state of the clock. Therefore the melatonin 
phase shifting response may provide the more reliable measure of the spectral 
sensitivity of irradiance dependent responses.
It is interesting to note that both phase shifting CBT and the acute elevating effects on 
temperature are maximally sensitive to 440 nm light. This could suggest that different 
oscillators, that use photoreceptors with different spectral sensitivities, control the 
temperature and melatonin rhythms. Alternatively the oscillator controlling the 
temperature rhythm could receive an additional input from a short wavelength 
sensitive photopigment. As discussed in Chapter 5, it has been suggested that the 
putative M and E oscillators may each have a PRC to light and have different spectral 
sensitivities. The E oscillator is associated with melatonin onset whilst the M 
oscillator is associated with melatonin offset and it has been proposed that the E 
oscillator has a greater influence on the M oscillator than vice versa (Illnerova and 
Vanacek, 1982). The M oscillator could be maximally sensitive to 470 nm, as seen by 
the greatest phase advance in the Meloff50% with this wavelength, whilst the E 
oscillator could have a small phase advance region and be more sensitive to shorter 
wavelengths (< 470 nm). The largest phase advances in Melon50% were observed 
with the 420 nm pulse at the low photon density and with 440 nm at the high photon 
density which could suggest a short wavelength sensitivity of the E oscillator. If the E 
oscillator is dominant then it may primarily control other circadian rhythms such as 
CBT and alertness. If this were the case then the spectral sensitivity of the CBT 
rhythm would reflect that of the E oscillator and not the M oscillator associated with 
Meloff50%. Future experiments will need to be designed to test these hypotheses.
CHAPTER SEVEN 
GENERAL DISCUSSION
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7 GENERAL DISCUSSION
The primary aim of this thesis was to investigate the spectral sensitivity of the human 
phase shifting response to light. The protocol used a phase advancing light pulse to 
minimise any variation in response that might occur with a phase delay response due 
to sleep deprivation, and related problems, or ‘drift’ in dim light conditions, 
associated with a t greater than 24-hours. In addition, the fact that human x is, on 
average, greater than 24-hours, and therefore requires a daily phase advance to remain 
entrained, means that the phase advance response to light is most relevant to the 
photoentrainment of the human circadian system.
A phase advance protocol was designed that utilised a fixed sleep-wake schedule to 
entrain subjects to a similar phase prior to the 4-day clinical study, and administered a 
4-hour light pulse, centred at CT 4, immediately after habitual waketime on day 3. 
Melatonin and core body temperature (CBT) rhythms were used as phase markers of 
the clock. The protocol was validated using bright white light as a positive control, to 
ensure that the light pulse was appropriately timed to produce phase shifts of 
sufficient magnitude to be detected and in the desired direction. A dim white light 
pulse was used as a negative control to ensure that the protocol itself did not influence 
circadian phase. The ability of a low intensity short wavelength light pulse to phase 
advance was compared to an equal lux dim white light pulse to assess if the photopic 
system provided the primary photic input for the phase shifting response. The phase 
advancing efficacy of 4 monochromatic light pulses (420, 440, 470 and 600 nm) at 2 
photon densities was investigated to try to determine the spectral sensitivity pattern 
and dose dependency of this response. The spectral sensitivity of the acute effects of 
light on alertness and temperature were also assessed.
Investigation of the spectral sensitivity of the human phase shifting response will 
yield at least two results. Firstly it will assist in the characterisation of the 
mammalian circadian photopigment(s) involved. Secondly, knowledge of the 
wavelength of maximal sensitivity could be used to design optimal lighting conditions 
to enhance circadian adaptation e.g. in shift work or following travel across time 
zones. Previously the light-induced melatonin suppression response has been used as 
an approximation for the action of light on the clock. This response has been shown
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to be maximally sensitive around 460 nm (Brainard et al., 2001b; Thapan et al., 
2001). However, before it can be concluded that this is the wavelength of maximal 
sensitivity for the circadian system it needs to be proven that the phase shifting 
response uses the same photoreceptive system and processing pathways as the other 
irradianc e-dep endent responses.
7.1 SPECTRAL SENSITIVITY OF THE PHASE ADVANCING RESPONSE
The most effective zeitgeber at entraining circadian rhythms to the 24-hour solar day 
is the daily light-dark cycle which is the most regular and reliable daily cue in the 
environment (Section 1.1). Two models (discrete and continuous) have been 
proposed to explain the entraining effects of light (Section 1.2.1) and it is likely that 
stable entrainment relies on a combination of the continuous and discrete effects of 
light on the circadian pacemaker.
The current protocol used a 4-hour phase advancing light pulse immediately after 
habitual waketime, centred at CT 4. The Meloff50% appeared to be the most 
responsive marker, as shown by the greatest phase advances with a bright white light 
pulse (Chapter 3), and therefore it is the phase shifts in this marker that are primarily 
discussed.
The short wavelength study (Chapter 4) confirmed that the visual 3-cone photopic 
system is not the primary photic input for the circadian system and that the phase 
advance response is short wavelength sensitive (430 -  460 nm). In an attempt to 
determine the maximally effective wavelength, within this short wavelength sensitive 
photosystem, the ability of four monochromatic wavelengths of light (420, 440, 470 
and 600 nm) at phase advancing the human circadian system was assessed using equal 
photon density light pulses (Chapter 5).
To absolutely establish the wavelength sensitivity of the human phase shifting 
response a true action spectrum, determined from fluence response curves, needs to be 
constructed. This was not possible in the 3-year time frame of the current study. 
However, the results described here and the relative effectiveness of the different light 
pulses (Chapter 5) provide the basis for future studies. The data (uncorrected for lens
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transmission) suggest that the phase advancing response is maximally sensitive to 470 
nm light but further work is needed to confirm this finding.
Ideally the phase shifting data should be corrected for pre-receptoral filtering by the 
lens, as a light stimulus presented at the cornea is changed, in both amount and 
spectral composition, by the time it reaches the retina, especially short wavelength 
light (Section 5.3.4). Therefore light pulses of different wavelengths containing equal 
numbers of photons at the cornea do not deliver equal photons to the retina. This 
means that it was not possible to determine if an increased response at the longer 
wavelengths compared to shorter wavelengths is a spectral effect or due to an 
increased number of photons at the retina. The corrections in the current study 
(Chapter 5) were made using average lens transmission data (Stockman and Sharpe,
2000). Ideally, however, the lens transmittance of each subject should be measured so 
that the phase shifting data can be corrected on an individual basis. Using average 
data could exaggerate or reduce the effect of filtering by the lens so that the relative 
efficacy of the different wavelengths is altered.
When the data were corrected for pre-receptoral filtering by the lens then the 440 nm 
light pulse was statistically similar at phase advancing all 3 melatonin phase markers 
to the 470 nm light, despite containing less photons. Further experiments need to be 
carried out that either administer equal photons at the retina or administer equal 
photons at the cornea for all wavelengths knowing the lens transmittance of each 
subject such that corrections can be made.
Phase shifting light stimuli can also influence the amplitude of circadian rhythms such 
that light applied at the crossover point of the PRC damps the amplitude of circadian 
markers and this can reset phase (Section 4.5.2). A significant reduction in amplitude 
was observed following the low photon density 440 nm light pulse (Chapter 5) and 
this could be the mechanism by which low irradiance light pulses act on the circadian 
system. These pulses may not be of sufficient strength to produce a substantial phase 
shift but modulation of the amplitude or shape of the circadian rhythm may produce a 
subtle change in phase in subsequent cycles. This pattern may be providing evidence 
for the way that light pulses affect the oscillation i.e. light primarily damps the 
amplitude of the oscillation and sufficient reduction in amplitude results in a phase
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shift. Alternatively the amplitude effects could reflect the mechanism by which the 
non-parametric effects of light act on the circadian system (Section 1.2.1). Whether or 
not an amplitude response was seen would still depend on the spectral sensitivity of 
the circadian photoreceptor(s).
7.2 WHAT ARE THE CIRCADIAN PHOTORECEPTORS?
7.2.1 Current evidence
Recent data suggest that, in mice, a melanopsin-based system and the visual 
photopigments, the rods and cones, provide all the photic input for irradiance 
dependent responses to light, although melanopsin has not yet been shown to be a 
functional photopigment (Section 1.6.3.1). It appears that melanopsin is activated at 
higher light intensities and that the classical photopigments operate at lower light 
intensities (Section 1.6.3.1). The melanopsin-based system is short wavelength 
sensitive with the peak sensitivity of the PLR and the phase shifting response around 
480 nm (Lucas et al., 2001; Hattar et al., 2003). Melanopsin could either play an 
auxiliary role in regenerating photopigments for a novel photoreceptor or it may be 
expressed in the inner retina and function as an independent photopigment. Rod opsin 
and melanopsin were found to be co-expressed in Xenopus melanophores which 
suggested that melanopsin could support rod-opsin photopigment activity by acting as 
a photoisomerase (Bellingham and Foster, 2002). Interestingly blue light can induce 
photoreversal of bleached rhodopsin intermediates back into rhodopsin’s dark adapted 
state so that one molecule of rhodopsin can absorb more than one photon (Grimm et 
al., 2001). Is it possible that this photoreversal may involve the short wavelength 
sensitive melanopsin and that this interaction is the basis of the short wavelength 
sensitivity of the circadian system?
Although it appears that a melanopsin-based system, along with the rods and cones 
provide all the photic input for irradiance dependent responses to light (Hattar et al., 
2003), a possible contribution from the cryptochromes cannot be ignored. The PLR 
of rodless mice exhibited a reduced sensitivity to blue light when both cryptochrome 
genes are also knocked out (Van Gelder et al., 2003). It is possible that 
cryptochromes do contribute to irradiance-dependent responses but in the absence of 
all other photoreceptors the cryptochrome input is not sufficient to exceed the 
threshold required to elicit a response. Determining the possible role of
Chapter 7 General Discussion 325
cryptochromes is further complicated by the fact that their absorbance profiles vary as 
the spectral sensitivity of the flavin co-factor varies depending on its redox state 
(reviewed in Lucas and Foster, 1999b). Thus the response of the cryptochromes may 
change under different environmental conditions or depending on which other 
photoreceptors are present.
It is possible and indeed plausible that the mammalian circadian photoreceptor 
system employs multiple photopigments (Section 1.6.3.5). It could be that different 
photopigments operate or that their relative contribution is altered under different 
conditions so that the circadian clock can always maximise the photic information 
available. The spectral quality of the light alters over the day as well as with season 
(Section 1.6.3.5) and with the environment such that it is feasible that different 
photoreceptors are used at different times of day or year to keep the clock entrained at 
the same phase.
7.2.2 Human circadian photoreceptors
The data from the current studies suggest that the human circadian system is short 
wavelength sensitive. The light-induced melatonin suppression response is 
maximally sensitive to around 460 nm (Brainard et al., 2001b; Thapan et al., 2001) 
whilst the data from this thesis (uncorrected for lens transmission) suggest that the 
phase advancing response is maximally sensitive to 470 nm.
If only a single photopigment were responsible for circadian photoentrainment then 
construction of an action spectrum would identify the wavelength of maximal 
sensitivity of the photopigment. But, as discussed earlier, due to the complex nature 
of the circadian photoreceptor system it will not be possible to identify the nature of 
the circadian photoreceptor in ‘whole’ human studies due to the potential 
contributions from rods, cones and a novel photopigment. It would not be possible to 
distinguish the relative contributions of each of these photopigments to the response. 
Measuring responses in humans is further complicated by the fact that many of the 
phase markers interact or are influenced by homeostatic mechanisms as well as the 
circadian clock. A possible method of determining the nature of the circadian 
photoreceptor and the relative contribution of the visual pigments is to investigate the
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spectral sensitivity of the phase shifting response in individuals that lack rods and/or 
one or more of the cones.
The current protocol was used to determine the optimal wavelength light needed for 
phase shifting or photoentrainment in humans and therefore for use in light therapy. 
At a given photon density the maximally effective wavelength may be determined by 
a combination of spectral sensitivity of the photopigment(s) involved and the total 
number of photons reaching the retina, determined by the pupil response and filtering 
by the lens. However, in field studies the subjects’ pupillary reflex needs to be 
functional and therefore it seemed more appropriate to use subjects with freely 
moving pupils in the studies described in this thesis. The current data suggest that 
470 nm light is the optimal wavelength for use in phase shifting light therapy but this 
would need to be proven in field conditions, for example, in a shift work environment.
7.2.3 Multiple circadian photopigments
It is quite possible that the human circadian system utilises multiple photopigments in 
a similar manner to the murine circadian system. The univariance of the fluence 
response curves for light-induced melatonin suppression implies, but does not 
absolutely prove that the response is modulated by a single photoreceptor (Brainard et 
al., 2001b; Thapan et al., 2001). The action spectra for phase shifting in rodents also 
best fits a single opsin-based photopigment (Takahashi et al., 1984; Provencio and 
Foster, 1995) despite the recent finding that rods, cones and a melanopsin-based 
photoreceptive system all appear to contribute to the phase shifting response (Hattar et 
al., 2003). It may be that a primary ‘circadian’ photopigment is responsible for the 
majority of the photic input (with modulation by the rods and cones). Therefore the 
nature of this ‘circadian’ photoreceptor determines the shape of the action spectra and 
the monotonicity of the fluence response curves. The relatively smaller contribution 
of the classical photoreceptors at lower light intensities may alter the maximal 
sensitivity of the response and may broaden the action spectrum if their Xmax differs 
greatly from that of the primary photoreceptor. If these additional photopigments 
only make a minor contribution to the response then the shape of the fluence response 
curves should not be greatly altered.
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7.2.4 Conservation of circadian photopigments
In rd/cl mice the PLR and phase shifting response are maximally sensitive to around 
480 nm (Lucas et ah, 2001; Hattar et ah, 2003). However, in wild type mice the 
maximal sensitivity is 511 nm for phase shifting (Provencio and Foster, 1995) and the 
PLR fits either the rod (Xmax 498 nm) or green cone (Xmax 508 nm) absorbance spectra 
(Lucas et ah, 2001). It is possible that in the rd/cl mouse model there are changes in 
prereceptoral filtering, due to an altered retinal structure, or developmental 
compensatory mechanisms that may, in part, determine the spectral sensitivity of 
these responses. However, the murine cone photoreceptors have Xmax of 508 nm 
(green cone) and 359 nm (UV cone) and therefore this shift in sensitivity to longer 
wavelengths in wild type mice could reflect an input from the M cone combined with 
an input from the melanopsin-based system that is maximally sensitive to 480 nm.
An increased sensitivity to 420 nm light was observed in the human light-induced 
melatonin suppression response and was attributed to an input from the S-cone 
(Thapan et ah, 2001). This could suggest that there is an evolutionary conservation of 
an involvement of a cone photoreceptor in the circadian phase shifting response. 
Conservation of the role of a cone photoreceptor would also agree with the work in 
the blind mole rat whose retina only contains one functional cone photopigment.
These animals cannot form visual images but can regulate circadian responses to 
light, which suggests that the cone photoreceptor was retained for use in the circadian 
system in this species (David-Gray et ah, 1998).
The action spectrum for phase shifting in wild type mice is maximally sensitivity to 
511 nm whereas in humans with functional rods and cones the light-induced 
melatonin suppression and phase shifting responses appear to be maximally sensitive 
around 460 and 470 nm, respectively. This suggests that the murine and human 
circadian photoreceptive systems may not be the same. It is possible that the primary 
circadian photoreceptor is the same in both mice and humans and this could be 
melanopsin, which is maximally sensitive around 480 nm. However, the relative 
contribution and differing spectral sensitivities of the cone photoreceptor shifts the 
sensitivity of the system to longer wavelengths in mice and to shorter wavelengths in 
humans. Alternatively filtering by the lens and the PLR may differentially shift the
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spectral sensitivity of this primary photoreceptor in humans and mice. It is also 
possible that there is a difference in the human and murine melanopsin gene sequence 
which would alter the Xmax of the opsin-based photopigment.
This difference in spectral sensitivity between humans and rodents may reflect an 
adaptation to the environment and lifestyle of the organism. Light at dusk and dawn 
is enriched with short wavelength light (Section 1.6.3.5) and if the dawn/dusk 
transitions are used as signals by the circadian system then the circadian 
photoreceptor(s) would be expected to be short wavelength sensitive. As the spectral 
composition of light varies between dusk and dawn then the proposed M and E 
oscillators (Section 1.3.6) may have different spectral sensitivities. Alternatively an 
organism may have evolved the spectral sensitivity of its circadian photoreceptor 
depending on whether it relies primarily on dusk or dawn for entrainment. This in 
turn may relate to the x of the organism (x < or x > 24 hours) and whether it requires a 
daily net advance or delay to remain entrained. On the other hand, the spectral 
sensitivity of the circadian system may relate to the environment occupied by the 
organism or whether it is nocturnal (x < 24 hours) or diurnal (x > 24 hours), which, in 
turn, could influence whether the primary entraining signal used is dusk or dawn. For 
example, the timing of dawn may be more important than dusk to a diurnal animal as 
it needs to prepare its body for the transition from night to day and therefore 
alterations in the timing of dawn need to be translated into biochemical and 
physiological changes so that the new environment can be immediately exploited.
The fact that humans are diurnal (x > 24 hours) whilst mice are nocturnal (x < 24 
hours) could explain the apparent different spectral sensitivities of phase shifting 
responses of the two organisms. These different sensitivities mean that the murine 
spectral sensitivity data cannot be applied when designing light therapy for human 
circadian disorders and highlight the importance of identifying the spectral sensitivity 
of the human circadian system.
7.3 EVIDENCE FOR THE M/E OSCILLATOR MODEL
The phase advancing light pulse centred at CT 4 resulted in differential phase shifts in 
the MelonS0% and Meloff50% phase markers. Significantly larger phase advances 
were observed in the Meloff50% compared to the Melon50% following the short
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wavelength (Chapter 4) and the 470 nm (high photon density) (Chapter 5) light 
pulses. The M/E model proposes that there are two oscillators, morning (M) and 
evening (E), which through coupling form the circadian pacemaker (section 1.3.6). 
Melatonin offset, a phase marker for the M oscillator associated with dawn, is more 
sensitive to phase advancing light pulses whereas melatonin onset, a phase marker for 
the E oscillator associated with dusk, is more responsive to phase delaying light 
pulses. The larger phase advances observed in the Meloff50% compared to the 
MelonS0% in the present studies in response to a phase advancing light pulse support 
the dual oscillator model. The presence of two oscillators that are separately 
entrained to dusk and dawn would allow the pacemaker to adjust the duration of the 
nocturnal portion of the melatonin profile with seasonal changes in night-length and 
therefore ensure that an appropriate phase angle of entrainment is maintained.
There is both molecular and whole animal data to support the hypothesis that the 
phase advancing and phase delaying responses to light may be mediated by separate 
oscillators or may utilise different photic signals or differentially process them 
(Section 1.3.4.2.3 and 1.3.6). The direction of a phase shift appears to be determined 
by the light-induced expression of a specific per gene in the shell region of the SCN 
(Yan and Silver, 2002). In humans the direction of a light-induced phase shift alters 
as the body switches from a noctural to a diurnal state (Wehr et al., 2001). The 
differential induction of the mPerl and mPer2 genes in response to light at different 
circadian times could reflect circadian changes within the SCN. However, the switch 
from a nocturnal to a diurnal state and from induction of mPer2 to mPerl could 
reflect a change of dominance from the E oscillator to the M oscillator.
Alternatively there could be a change in the photoreceptive system or photoprocessing 
used. The SCN may exhibit a circadian gating which determines which photic system 
it responds to or the manner in which the photic signal is processed. It has been 
proposed that the M and E oscillators have separate PRCs to light and it is possible 
that these have different spectral sensitivities or sensitivity thresholds that relate to, 
and are adapted to maximise the light information available at, dusk and dawn. The 
phase advancing response to light has been shown to be significantly attenuated in 
older subjects whilst the magnitude of phase delays was not significantly altered 
compared to that observed in younger subjects (Klerman et al., 2001). This could be
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seen to suggest that the phase advance and phase delay response are controlled by 
different mechanisms, such as the M and E oscillators, and that the oscillator 
controlling phase advances is disrupted by ageing. Alternatively the two responses 
could utilise different photoreceptive pathways. Attenuation of the phase advancing 
response could suggest that the photoreceptors responsible for providing the photic 
input are not able to function maximally. As the lens ages it develops a yellow 
pigmentation that severely reduces the amount of short wavelength light reaching the 
retina (Section 1.7.9.4). If the phase advancing response is maximally sensitive to 
these short wavelengths then this could explain why the response is attenuated in 
older individuals. The maintenance of the phase delay response could imply that the 
photoreceptive pathway used by the E oscillator is sensitive to longer wavelengths 
and therefore not affected by the yellowing of the lens. Alternatively the E oscillator 
may have a lower threshold of response than the M oscillator so that it can still induce 
phase delays in response to light despite the fact that the number of photons reaching 
the retina is reduced. Another possibility is that the E oscillator has an additional 
photic input that alters the spectral sensitivity and threshold of response. There is a 
circadian variation in retinal sensitivity, as shown by the circadian rhythm in rod outer 
segment disc shedding (Teirstein et al., 1980), and it is suggested that this variation 
may impose a circadian gating on photic signalling to the SCN (Terman et al., 1993). 
The rhythmic modulation of light input to the retina could determine whether or not a 
sufficient threshold is achieved to elicit a response in the SCN. If the input of 
different photoreceptors peaks at different circadian phases then this could explain 
any variation in spectral sensitivity of the M and E oscillators.
Most organisms have developed to use the dusk and dawn transitions as the primary 
entraining zeitgebers (Section 1.2.1.3). Therefore the spectral sensitivity and 
threshold of response of the M and E oscillators probably relates to the spectral 
composition and amount of light available at these transitions. At twilight, irradiance 
alters by approximately 6 log units and in addition there is a relative enrichment of 
shorter wavelengths (<500 nm) compared to the mid-long wavelengths (500 -  650 
nm) (Section 1.6.3.5). Therefore it would be expected that the circadian 
photoreceptors would be short wavelength sensitive. It has been suggested that the 
twilight transition could be detected by using two photoreceptors with different 
spectral sensitivities to measure the relative amounts of long and short wavelength
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light (Roenneberg and Foster, 1997). Such a hypothesis would support the concept 
that the circadian system receives photic input from more than one photopigment.
One major short wavelength circadian photopigment may provide primary input to the 
circadian system but the direction and magnitude of the phase shift may be 
determined by comparing the response of additional photopigments to assess the 
relative amounts of short and long wavelength light. If dusk and dawn differ in the 
relative amounts of long and short wavelength light then using a number of 
photopigments to determine the spectral composition of the light will ensure that a 
phase shift, in the desired direction, will only be induced under appropriate 
circumstances.
7.4 SPECTRAL SENSITIVITY OF THE ACUTE EFFECTS OF LIGHT
It is conceivable that the different irradiance dependent responses (melatonin 
suppression, increased alertness, increased CBT) could each use different 
combinations of photoreceptors (Section 6.1.1). Each acute response to light could 
utilise one dominant photoreceptor, which is augmented by other photoreceptors 
possibly depending on the light intensity. This primary photoreceptor or the extent to 
which the supplementary photoreceptors provide input could vary between the acute 
responses, although such a hypothesis remains to be proven. This differential use of 
photoreceptors could function to achieve different sensitivity thresholds or different 
spectral sensitivities, which are relevant to the conditions under which the particular 
response needs to be elicited.
The spectral sensitivity of the acute effects of light was assessed by measuring the 
acute elevation of CBT and increase in alertness. Despite small sample sizes and the 
fact that alertness was only assessed by subjective measures there still appears to be a 
consistent pattern of response. There was an irradiance dependency of both responses 
with 440 nm light that suggests that there is a cumulative photon threshold that must 
be exceeded before a response is initiated. The similar response dynamics for both 
the alerting and temperature elevating effects of light could suggest that the same 
neural mechanisms are mediating these responses or that the temperature response 
influences the alertness response.
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Both the temperature and alertness responses appeared to be maximally sensitive to 
440 nm light, although the alertness response may also exhibit an enhanced sensitivity 
to 420 nm. The spectral pattern of response observed (440 > 470 and 600 nm) was 
similar to the action spectra for light-induced melatonin suppression (Brainard et ah, 
2001b; Thapan et ah, 2001) which suggests that all acute effects of light may be 
mediated by the same photoreceptors and processing pathways. The increased 
sensitivity at 420 nm for the alerting effects of light was also observed in the light- 
induced melatonin suppression response (Thapan et ah, 2001). These findings are 
further evidence for all the acute responses being mediated by the same 
photoreceptor(s) and also suggest there may be a role for the S-cone in these 
irradiance-dependent responses. Alternatively the S-cones may only be involved in 
the melatonin suppression response but if endogenous melatonin influences alertness 
levels (Section 1.4.4.1) then this S-cone input will appear as an increased sensitivity 
to 420 nm in the alertness response. It is also possible that the elevating effect of light 
on CBT is not just an acute effect of light but could in fact represent an immediate 
phase-advancing effect of the light. This elevating effect could reflect the mechanism 
by which a phase advance is initiated.
7.5 ACUTE VS CIRCADIAN EFFECTS OF LIGHT
It is not yet established whether all irradiance dependent responses utilise the same 
photoreceptive system and processing pathways (Section 1.7.8.2 and Figure 1.12). 
Although the acute effects of light on human alertness and melatonin suppression 
have been shown to exhibit the same dose response function, described by a 4 
parameter logistic model, as the phase delay response, the sensitivities of all these 
responses differed markedly (Cajochen et a l, 2000; Zeitzer et a l, 2000). The light- 
induced melatonin suppression response was more sensitive than the phase shifting 
and alertness responses, as shown by saturation at a lower light intensity and a steeper 
slope in the dose response curve (Cajochen et a l, 2000; Zeitzer et a l, 2000). These 
different sensitivities could suggest that the irradiance dependent responses are 
mediated by different photoreceptors or that different photic processing pathways are 
involved. Alternatively, the same photodetection system could be utilised by all 
irradiance responses but the absolute sensitivity of a response to light could be 
determined by interactions with other factors, for example it is suggested that
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alertness levels can be modulated by melatonin (Cajochen et al., 2000) and CBT 
(Wright et al., 2002).
The current data suggest that the phase shifting effects of light may exhibit a different 
spectral sensitivity to the acute effects of light on alertness and CBT. A summary of 
the rank of effectiveness of the different wavelength light pulses at phase shifting and 
acutely influencing CBT and alertness is shown in Table 7.1. All three responses 
exhibit different temporal dynamics with an elevating effect on CBT observed within 
30 minutes of the start of the light pulse whilst the effect on alertness is often only 
seen near the end of the light pulse.
The finding that the acute effects of light appear to be maximally sensitive to 440 nm 
light whilst the phase shifting effects of light appear to be most sensitive to 470 nm 
light can be explained in a number of ways. Firstly, if  the phase shifting data are 
corrected for filtering by the lens then the response may be more sensitive to 440 nm 
than 470 nm as well as having an increased sensitivity to 420 nm. This hypothesis 
needs to be assessed by administering light which delivers equal photons at the retina 
(i.e. correcting for lens filtering) or constructing fluence response curves at each 
wavelength. If a similar pattern of response were to be observed then this would be 
evidence that all irradiance dependent responses are mediated by the same 
photoreceptive system.
Alternatively the fact that the phase shifting and acute light responses exhibit different 
spectral sensitivities before correcting for lens filtering could be due to a difference in 
the threshold of the responses. The melatonin rhythm could be more sensitive to the 
increased number of photons at the retina in the 470 nm light pulse compared to the 
440 nm light, which would explain the greater phase advance observed with 470 nm. 
The alertness and temperature responses may be less sensitive to small variations in 
the number of photons at the retina and are primarily sensitive to the wavelength of 
the pulse so that 440 nm appears to be the most effective wavelength.
Finally the different spectral sensitivities could reflect the use of different 
photoreceptive pathways for the circadian and acute effects of light. As discussed 
earlier the phase shifting effects of light may require inputs from two pathways to 
exceed a threshold so that a response is only elicited under appropriate conditions.
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These two pathways could be the direct RHT pathway to the SCN and the indirect 
GHT pathway via the IGL. Theoretically both pathways could use the same 
photoreceptors but the information could be differentially processed and the fact that 
two pathways need to be triggered would explain the increased threshold for a 
response for phase shifting. On the other hand acute responses to light may only 
require one pathway to be activated in order for a response to be elicited. Data from 
rd/cl mice suggest that all irradiance-dependent responses are mediated by the same 
photoreceptors but the relative contribution of the photoreceptors appears to vary with 
the responses. In the absence of melanopsin the phase shifting response is 40% lower 
than in wild-type mice (Ruby et al., 2002) whereas the PLR is predominantly 
controlled by the rods and cones (Lucas et al., 2001; Lucas et al., 2003). Therefore 
although the same combination of photoreceptors may operate in all irradiance- 
dependent light responses, their relative contribution may be different. There is also 
the possibility that additional photoreceptors may contribute to some of the responses. 
The fact that there is this variation suggests that at some point there may be 
differential processing for the acute and phase shifting responses.
Assessing the spectral sensitivity of the acute light responses is complicated by the 
reports that the melatonin, temperature and alertness rhythms have the potential to 
interact and influence each other. Therefore even if these parameters are controlled 
by different photic pathways the spectral sensitivity of one system may influence 
another system. A further complicating factor when assessing the spectral sensitivity 
of the phase shifting response is the potential that there are continuous and discrete 
effects of light on the circadian system (Section 1.2.1).
As discussed earlier it has been hypothesised that the spectral composition of 
environmental light could be ‘measured’ by the circadian system by comparing the 
response of two or more photoreceptors with different spectral sensitivities. Is it 
possible that the response of one photoreceptor is conveyed to the SCN via the IGL- 
GHT whilst that of the remaining photoreceptors is conveyed to the SCN by the RHT. 
A comparison of the inputs could occur in the SCN and this would determine whether 
or not a response is elicited. If the acute effects of light are mediated via the IGL- 
GHT pathway then the response would only involve photoreceptors projecting to the 
IGL and this would explain the difference in sensitivity of the acute and phase shifting
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responses. For example, the IGL pathway may utilise a photoreceptor that is 
maximally sensitive to 440 nm and possibly involve a contribution from the S-cone. 
The SCN would incorporate this response with that from the photoreceptors utilising 
the RHT which could be sensitive to slightly longer wavelengths. Therefore the 
spectral sensitivity of the phase shifting response would be shifted to a longer 
wavelength than 440 nm. This hypothesis remains to be tested.
It is interesting to note that both the phase shifts in the CBT rhythm and the acute 
elevating effects on CBT are maximally sensitive to 440 nm light. The apparent 
difference in the spectral sensitivities of the phase shifts observed in the melatonin 
and temperature rhythms could simply be an artefact of a differential resolution of 
these two circadian phase markers. Temperature is subject to a number of masking 
influences (Section 1.4.4) and this could influence the response seen in this marker. 
Alternatively, the findings could suggest that different oscillators, with different 
spectral sensitivities control the temperature and melatonin rhythms. The E oscillator 
has been proposed to be dominant over the M oscillator (Section 1.3.6) and if this is 
the case then it may be that the E oscillator primarily controls circadian rhythms in 
temperature and alertness. If this is the case then the spectral sensitivity of the 
temperature rhythm would reflect that of the E oscillator and not the M oscillator 
associated with the Meloff50%. The M oscillator could be maximally sensitive to 
470 nm light whilst the E oscillator is sensitive to shorter wavelengths as 
demonstrated by 440 nm being the most effective wavelength at phase shifting the 
CBT rhythm and increasing alertness and CBT. The enhanced sensitivity to 420 nm 
light in the MelonS0%, alertness response and melatonin suppression response is 
evidence that the same oscillator mediates these responses, this oscillator receiving an 
input from a short wavelength sensitive photopigment.
The variation in the dynamics of acute responses to light may be attributable to the 
physiological need for the response. Certain acute responses to light occur very 
quickly to take advantage of the new situation or as a protective mechanism. For 
example, the PLR is an instantaneous response to light to protect the retina from 
damage (Lownenstein and Loewnefeld, 1962). An increase in alertness is a positive 
acute response to light that could be used to take advantage of a change in the 
environment, as an increase in light levels would mean that the organism can function
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or carry out behaviours that require sufficient illumination to see. Alternatively, an 
increase in alertness may be a protective mechanism against predators, which may be 
more prevalent or able to act in an environment with increased illumination.
Whereas these acute responses occur almost instantaneously in response to a change 
in environmental lighting a phase shifting response to light may only been fully 
obsereved in a subsequent circadian cycle. In the natural environment a light stimulus 
at a sensitive circadian phase would elicit a phase shift. Such a situation will arise 
when there is a seasonal change in daylength so that a phase shift would be required 
to ensure that the organism remained appropriately entrained to the light-dark cycle. 
Entrainment, and accordingly phase shifts, are essentially a long-term adaptation to 
the light-dark environment and affect the patterns in physiology and behaviour of the 
organism. Therefore phase shifts must not be elicited in response to inappropriate 
stimuli such as brief changes in environmental illuminance due to cloud cover or 
lightning. To prevent such responses photic stimuli for phase shifting are integrated 
over long periods of time. The increased threshold for a phase shifting response 
probably reflects the integration time over which photons are absorbed and could 
indicate the presence of a photon threshold that has to be exceeded before a response 
is elicited. There could be a cumulative effect of photons such that a response is only 
initiated if the threshold is exceeded for a particular duration and once the response is 
generated further photons have no effect. The magnitude by which the threshold is 
exceeded may determine the size of the phase shift.
Such a hypothesis is supported by the observation that, in golden hamsters, if the 
phase shifting response is plotted as a function of total photons in a light pulse then 
the photoentrainment pathway is more responsive to the photons in a 300 second 
stimulus than in a 1-hour stimulus (Nelson and Takahashi, 1991b). These data 
suggest that the ability to integrate inputs over time is reduced for stimuli greater than 
300 seconds (Nelson and Takahashi, 1991b). The existence of a photon threshold that 
must be exceeded for a specific time may be a measure to ensure that phase shifts are 
only initiated if the change in light levels is sufficient to be of physiological or 
ecological significance.
Acute responses to light such as increased alertness and PLR are essentially short­
term adaptations to a change in light levels, seen almost immediately and are not
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maintained for long after the lights are turned off. Phase shifting responses, however, 
are a long term adaptation to the environmental light-dark patterns and must only be 
induced if there is a real change in the light-dark cycle, for example in changing 
seasons. The increased threshold in the phase shifting response compared to other 
non-visual responses indicates the increased importance for a phase shifting response 
to only be triggered under appropriate circumstances. Given these different 
underlying reasons for phase shifting compared to other acute responses, combined 
with the different response dynamics, it is conceivable that these responses utilise 
different photoreceptors or photic processing pathways. For example, the phase 
shifting response may require 2 retinal inputs to the SCN to ensure that a response is 
only initiated when both criteria are met and therefore only under appropriate 
circumstances.
The current data suggest that the phase shifting response is maximally sensitive to 
470 nm whilst subjective alertness and CBT exhibit increased sensitivity to 440 nm 
(Table 7.1). Perhaps there is a photoreceptor that is maximally sensitive to 440 nm 
that provides the photic input for the acute effects of light on alertness and CBT. The 
phase shifting response, however, may require a dual input from this 440 nm sensitive 
photoreceptor and a second photoreceptor before a response is elicited. The 
combined spectral sensitivities of the two photoreceptors could shift the wavelength 
of maximal sensitivity for the phase shifting response from 440 to 470 nm.
338
Marker Low photon density light 
pulses
(2.32 x 1013 photons/cm2/sec)
High photon density light 
pulses
(6.21 x 1013 photons/cm2/sec)
PHASE SHIFTS
Melon50% 420 > 440 > 600 600 > 440 > 470
Melatonin acrophase 420 > 440 > 600 600 > 470 > 440
Meloff50% 440 > 420 > 600 470 > 600 > 440
Meloff50% (phase shifts 
calculated as N3 vs N3)
440 > 420 > 600 470 > 600 > 440
Tmin 440 > 420 > 600 440 > 470 > 600
ACUTE EFFECTS
CBT 440 > 420 > 600 440 > 600 > 470
Alertness 440 > 420 > 600 440 > 470 > 600
Table 7.1. The rank of effectiveness of 4 different wavelength (420, 440, 470 and 600 
nm) monochromatic light pulses at two different photon densities at a) phase shifting 
melatonin and temperature phase markers and b) acutely influencing core body 
temperature and alertness. The phase shifts were calculated by comparing N1 and 
N3, unless otherwise stated. The acute effects of light on CBT were assessed by 
comparing the slope of the CBT profile on N1 and N2; the median values were used 
to rank the wavelengths. The acute effects of light on alertness were assessed by 
averaging the alertness value, using the 9-point alertness scale, during the 4-hour light 
pulse (07:15 -  11:15 h).
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7.6 THE OPTIMAL WAVELENGTH FOR PHASE SHIFTING
Photoentrainment is a complex process which probably involves multiple 
photopigments as well as both continuous and discrete effects of light. It is therefore 
difficult to determine which photoreceptors are involved and what their relative 
contribution to the phase shifting response might be. The current data suggest that 
470 nm may be the most effective wavelength at phase advancing the human 
circadian system and this may reflect the spectral sensitivity of the M oscillator. The 
acute effects of light (increased alertness and CBT) and phase shifts in Tmin appear to 
be maximally sensitive to 440 nm. The possible reasons for these differences have 
been discussed in Section 7.4 and 7.5.
In future studies it will be important to determine which part of the light pulse is 
responsible for the phase shifting effect. Intermittent light pulses have been used to 
determine the relative contribution of different sections of a light pulse to the phase 
shifting response (Section 1.7.6). The results suggest that there is a cumulative 
photon effect and that the magnitude of the phase shift observed depends on the whole 
light pulse and how long the drive on the pacemaker is maintained. If photons are 
only integrated over the initial part of the light pulse then the number of photons 
absorbed over this time period may determine the magnitude of the response. 
Additional photons absorbed after this time period may only make minor 
modifications to the observed response. The duration of this critical integrating time 
period is likely to vary between organisms and therefore the phase shifting response 
of light pulses of different duration needs to be assessed in humans to determine this 
crucial period.
The phase shifts observed in Meloff50% in the short wavelength study (Chapter 4) 
were larger than those observed with the monochromatic short wavelength light 
pulses (Chapter 5). This increased response could be due in part to the fact that more 
photons were administered in the 4-hour short wavelength light pulse (1.66 x 1016 
more photons). In addition, this short wavelength light pulse was not monochromatic 
light and covered a broader range of short wavelengths (430 -  465 nm) than the 
monochromatic lights ((AX) 0.5 < 5 nm). Thus using the short wavelength light pulse 
(430 -  465 nm) the photoreceptors would have been stimulated by a broader range of
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wavelengths than by using a monochromatic filter. It is also possible that the short 
wavelength pulse contained the actual wavelength of maximal sensitivity (Xmax). If 
this is assumed to be 456 nm, for example, then this would explain the increased 
response compared to the monochromatic 440 and 470 nm light pulses. Therefore an 
increased phase shifting response might be expected especially if the short 
wavelength light pulse better covered the Xmax of the photoreceptor involved . 
Moreover, in the short wavelength study the light pulse included a 15-minute ‘ramp 
up’ of the lights between 07:00 and 07:15 h during breakfast which was not included 
in the monochromatic study. This could also contribute to the greater phase shifting 
response due to the extra photons over this phase particularly if this is the sensitive 
phase.
If the Xmax was approximately 460 nm then 440 and 470 would lie at approximately 
similar positions, but opposite sides, of the action spectrum. Neither 440 nor 470 nm 
would produce the maximal phase advance and the relative magnitude of the phase 
shift produced would depend on how close the wavelength lies to the actual Xmax of 
the photopigment, for example, if the Xmax is 460 nm then 470 nm is closer to the Xmax 
than 440 nm and would therefore exhibit a greater phase advancing effect.
From the current data it is not possible to determine which photoreceptors are 
involved in the phase advancing response. However, the current results clearly show 
that the human phase advancing response is short wavelength sensitive. The action 
spectra for phase shifting in rodents resemble a single opsin-based photopigment 
(Takahashi et al., 1984; Provencio and Foster, 1995) even though the response has 
been shown to involve rods, cones and a melanopsin based photoreceptive system 
(Hattar et al., 2003). The action spectrum for phase shifting in rd/cl mice has a Xmax of 
481 nm (Hattar et al., 2003) whilst in wild type mice the Xmax is 511 nm (Provencio 
and Foster, 1995), which presumably reflects an input from the M cones (Xmax 508 
nm) and rods (Xmax 498 nm). If humans utilise the same primary melanopsin-based 
photoreceptive system for acute responses to light that, in rodents, is maximally 
sensitive to 480 nm then the X max around 460 nm reported for light-induced melatonin 
suppression in humans (Brainard et al., 2001b; Thapan et al., 2001) suggests two 
possibilities. Firstly, the acute responses to light in humans could be mediated by one
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novel photopigment whose wavelength of maximal sensitivity (Xmax around 480 nm) 
is shifted to shorter wavelengths by pre-receptoral filtering. The fact that both action 
spectra for melatonin suppression were constructed using subjects with 
pharmacologically dilated pupils means that any PLR was removed from the response 
and as such the effectiveness of some of the wavelengths may have been enhanced 
which could have shifted the maximal sensitivity to shorter wavelengths.
Alternatively the shift to shorter wavelengths could reflect an additional input from a 
short wavelength sensitive photopigment, such as the S-cone, and this is supported by 
the enhanced sensitivity at 424 nm (Thapan et ah, 2001).
The variation in response to light may also be attributable to inter-individual variation 
(Section 5.5.2.7). Polymorphisms in the genes encoding the photopigments may alter 
the wavelength of maximal sensitivity whilst inter-individual variations in sensitivity 
to light, determined by genetics, light history or ethnic origin, may further influence 
the magnitude of the response observed. The degree of transiency, and the time taken 
for phase markers to realign with the shifted central pacemaker, may differ between 
subjects and may contribute to the variation in response. The precise CT of 
administration of the light pulse may have influenced both the direction and 
magnitude of the phase shifting response (Section 5.5.2.7). It is known that the lens 
develops a yellow pigmentation with age that reduces the amount of short wavelength 
light reaching the retina (Section 1.7.9.4). Therefore subjects studied fell into a very 
narrow age range to minimise any variations in lens density. It is interesting to note 
that the only subject who exhibited an increased phase shifting response to 440 nm 
compared to 470 nm was S23 who was the youngest subject at 20 years old.
7.7 SAFETY OF LIGHT
The data presented in this thesis and the published action spectra for light-induced 
melatonin suppression show that the human acute responses to light are maximally 
sensitive to short wavelength visible light. However, before this light can be applied 
to the working or therapeutic environment the issue of light safety needs to be 
considered. One factor that has to be taken into consideration when administering 
light is the potential for acute or chronic eye damage (Remé et al., 1996).
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Work in rats has suggested that light-induced retinal damage has a circadian 
dependency, such that intense light during night-time hours (20:00 -  08:00 h) results 
in an increased loss of rhodopsin or photoreceptor cell DNA compared to rats exposed 
to light during the day (08:00 -  20:00 h) (Organisciak et ah, 2000). It is possible to 
prevent this retinal damage if an antioxidant is administered before, but not after, the 
onset of light (Organisciak et ah, 2000). Rats are nocturnal and therefore the pattern 
of response may differ in diurnal animals but these data highlight the fact that there is 
a circadian variation in light-induced damage. This circadian dependence is very 
relevant when considering the use of light to enhance adaptation to shift work or 
increase alertness during night-time work. If a similar pattern of damage is observed 
in humans then the light would be administered at a time when the potential for retinal 
damage may be maximal. Administering antioxidants to night-shift workers would 
not be a practical solution and therefore it would be advantageous to be able to 
administer effective light treatment at as low an intensity as possible. Therefore the 
results from this thesis, where monochromatic light of < 30 pWcm"2 is capable of 
enhancing subjective alertness (Chapter 6) and producing phase shifts (Chapter 5), has 
important implications for the use of light to treat circadian rhythm disorders. If low 
intensity light can be used then it would also reduce the problems experienced by 
workers when using bright white light, such as visual discomfort and headaches, and 
reduce the possibility of retinal damage.
Although it would seem that using low intensity short wavelength light is preferable 
to high intensity white light the potential hazard of blue light also needs to be 
considered. There is a spectral sensitivity for light damage to the retina that, in rats, 
shows an increased sensitivity in the short wavelength and UV range (van Norren and 
Schellekens, 1990). The enhanced sensitivity to blue light is thought to be due to the 
ability of blue light to induce photoreversal in bleached rhodopsin so that rods can 
absorb more photons during blue light exposure and therefore the photon-catch 
capacity of the retina is increased (Grimm et al., 2001). When monochromatic 460 
nm light (850 pWcm'2) was projected onto the retinae of rhesus monkeys a threshold 
of 40 minutes was determined for damage to the retinal pigment epithelium apical 
villi and photoreceptor discs (Koide et al., 2001). These results suggest that 
continuous exposure to blue light is potentially dangerous to vision (Koide et al.,
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2001). The light intensity used in this experiment was very high and, as shown in this 
thesis, phase shifts can be obtained with less than 30 pWcm"2 of 470 nm 
monochromatic light. Thus high intensity light would not need to be used in the light 
treatment for circadian rhythm disorders. If light treatment is to be used for a 
prolonged period of time, for example, when treating SAD, with the light therapy 
applied each year, then the cumulative dose of UV and blue light administered would 
need to be calculated.
The American Conference of Governmental Hygienists (ACGIH) have proposed a 
‘blue light’ exposure limit to protect against photochemical injury to the retina from 
wavelengths of light between 435 and 440 nm. The ICNIRP 1997 guidelines state 
that if the exposure time exceeds 10,000 seconds then, to avoid retinal photochemical 
injury, the blue-light weighted irradiance must not exceed 100 Wm"2/sr. These limits 
would need to be taken into consideration before blue light could be used in light 
therapies.
7.8 APPLICATIONS OF THE RESULTS
Shift workers exhibit decreased alertness and performance during the night when the 
circadian pacemaker is promoting sleep and this can severely compromise safety in 
the working environment (Section 1.4.6.2). In trying to enhance adaptation to shift 
work, such that circadian rhythms are quickly realigned with the shifted sleep period, 
exposure to light can be both advantageous and deleterious. Nocturnal high intensity 
light can be used to phase delay circadian rhythms, and realign them with a daytime 
sleep schedule, whilst simultaneously enhancing alertness during night shift work. 
These alerting effects of light are seen even if the clock is not phase shifted (Costa et 
al., 1993). In certain circumstances, such as rapidly rotating schedules, it may be 
desirable to administer bright light at night to improve alertness without needing to 
phase shift the circadian system. An example of such a situation is a rapidly rotating 
schedule where individuals only work nights for a few days before reverting to day 
shifts. The circadian system is too slow to adapt to the shifted night-work schedule 
but the workers would still benefit from the acute alerting effects of light at night.
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It is important to minimise early morning light, for example when travelling home 
from night-time work or in the bedroom where daytime sleep occurs, as this will 
causes phase advances, which will counteract the phase delays required to adjust to a 
daytime sleep schedule. Wearing dark glasses on the commute home from night shift 
work enhanced the phase delays observed following both ordinary room light and 
bright light at night (Eastman et ah, 1994). However, the use of such glasses means 
that workers will be driving home after night shift work in dim light and this may be 
dangerous as their alertness levels will also be at a minimum at this time.
Many shift workers find the high intensity artificial light aversive (Budnick et al., 
1995) and the use of light during the night shift is often prevented due to the work 
arrangements. Therefore it may be better to use intermittent light pulses, which could 
be administered during breaks or while performing certain tasks (reviewed in Burgess 
et al., 2002). The duration of the ‘after effects’ of a light pulse could be used in 
determining the time period between each light segment. The length of such an ‘after 
effect’ may be determined by when the cumulative effect of photons no longer 
exceeds the ‘alertness threshold’. In a shift work environment the level of light used 
to enhance circadian adaptation or alertness may be chosen so that it is bright enough 
to allow work to be carried out safely but not so bright that the workers find the light 
aversive and suffer detrimental effects. Therefore the shift work industry is searching 
for an effective low intensity light pulse that can be used both to enhance alertness 
and circadian adaptation that workers can tolerate.
The results from this thesis could be used in the shift work environment as it has been 
shown that low intensity monchromatic light can enhance alertness (Chapter 6) and 
phase shift human circadian rhythms (Chapter 5). In addition, glasses could be 
designed that eliminate short wavelength light, thereby minimising the phase 
advancing effect, and these could be used when night-shift workers are travelling 
home. The longer wavelength light transmitted through these glasses should maintain 
alertness and visual acuity but should not have a phase advancing effect. Before the 
results from the current study can be applied to produce appropriate phase delays it 
needs to be demonstrated that the advance and delay responses exhibit similar spectral 
sensitivity. Recent data by Lockley et al. (2003) demonstrated that 460 nm light was 
more effective than 530 nm light at phase delaying human circadian rhythms which
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suggests that both the phase advance and delay responses may be short wavelength 
sensitive.
The current results show that low level short wavelength light could be used to 
maintain entrainment of the human circadian system in dim light conditions (e.g Polar 
and Northern Hemisphere winter, office environments). It has been suggested that 
circadian rhythm sleep disorders may arise when endogenous ris  not able to entrain 
to the 24-hour day. For example, ASPS may be due to an endogenous period ( t)  that 
is too short to entrain to the 24-hour day (Moldofsky et al., 1986) whilst DSPS could 
be due to inappropriate entrainment or a long r  (reviewed in Wijnen et al., 2001). 
Appropriate timing of short wavelength light therapy to treat these sleep disorders 
may be possible to try to appropriately entrain the pacemaker to the 24-hour day. 
Future studies are needed to test the use of short wavelength light in shift workers and 
sufferers of ASPS and DSPS.
7.9 CONCLUSIONS
The data presented in this thesis provide the first evidence for the short wavelength 
sensitivity of the human circadian system to phase advancing light pulses. The study 
using monochromatic light has provided the first preliminary results into the spectral 
sensitivity of the phase advance response in humans. The data, not corrected for pre­
receptoral filtering by the lens or for the PLR, suggest that 470 nm may be more 
effective than 420, 440 and 600 nm light at phase advancing the human circadian 
system. Very low intensity 470 nm light (< 30 pWcm"2) has been shown to be 
capable of producing advances of sufficient magnitude to maintain entrainment of the 
human circadian system to the 24-hour day. Further work now needs to be done to 
confirm and extend these findings.
The acute effects of light at elevating CBT and increasing alertness appear to be 
sensitive to shorter wavelengths (440 nm) than the phase advancing response (470 
nm). This difference may reflect the involvement of different photoreceptors, 
different relative contribution of photoreceptors, different processing pathways, 
different dominant oscillator or interactions between physiological systems.
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Future work should focus on the construction of a true action spectrum, determined 
from fluence response curves, for phase shifting and other acute responses to light, 
such as alertness. Such an experiment would be extremely time consuming and 
expensive. It would therefore also be good to administer different monochromatic 
light pulses of different wavelengths that contain equal photon densities at the retina, 
taking pre-receptoral filtering into account, in order to determine the wavelength of 
maximal sensitivity. Further experiments also need to be carried out to establish 
which part of the light pulse is primarily responsible for the phase shifting response. 
This knowledge could be used to minimise, and appropriately time, light exposure 
regimes for treating circadian rhythm disorders.
The spectral sensitivity of the phase delaying response also needs to be determined to 
compare it with the phase advancing response and to establish if there is more than 
one photoreceptive pathway to the SCN. If the phase advance and delay responses 
exhibit different spectral sensitivities then this may provide additional evidence for 
the presence of M and E oscillators that utilise different photic inputs. Differential 
spectral sensitivities may also suggest that the optimal wavelength for treating 
circadian rhythm disorders will vary depending on the required response (advance or 
delay) and the time of day that the light treatment is administered. In order to 
determine the relative contribution of the visual and novel photopigments to the phase 
shifting response studies, assessing the spectral sensitivity of the response in visually 
blind individuals, colour blind individuals or in subjects lacking one or more of the 
cone or rod photoreceptors should be conducted.
In conclusion it has been demonstrated that the human phase advancing response is 
short wavelength sensitive. Other irradiance-dependent responses to light, such as 
increased alertness and elevation of CBT, also appear to be short wavelength 
sensitive. The actual wavelength of maximal sensitivity, however, may vary between 
the different responses. This may reflect differential contributions of photoreceptors 
to the photic input pathway or differential processing of photic signals. Full action 
spectra for all these responses need to be constructed before the wavelength of 
maximal sensitivity can be identified.
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tract
le photoreceptor(s) responsible for photoresetting o f the hum an circadian system  have not been identified. The aim  of the present study 
to assess the ability o f short w avelength light to alter the tim ing of circadian rhythms. Eleven male subjects were studied in 15 4-day 
; with a single 4 h light pulse adm inistered on day 3, im m ediately after habitual wake time. The m agnitude o f the phase shifts in the 
ttonin acrophase and offset were sim ilar after white (4300 |xW /cm 2) and short w avelength (28 puW/cm2) light exposure even though the 
e light pulse contained 185-fold more photons than the short w avelength light. This finding suggests short w avelength sensitivity o f the 
oreceptors m ediating synchronization o f hum an circadian rhythms.
103 E lsevier Science Ireland Ltd. All rights reserved.
>ords: Circadian rhythms; Light; Wavelength; Phase shifts; Melatonin; Temperature; Photoreception
adian rhythms are generated by an internal clock and 
t to allow anticipation of and appropriate synchroniza- 
to rhythmic environmental events that result from the 
Ts rotation. The human endogenous clock, situated in 
iuprachiasmatic nuclei (SCN) of the anterior hypothala- 
[8], has an intrinsic period that deviates slightly from 
and therefore it must be synchronized (entrained) with 
24 h day on a daily basis. The light-dark cycle is the 
t important environmental stimulus involved in these 
/ adjustments (phase shifts) of the human circadian 
;m. The size of the phase shift observed in response to a 
: stimulus depends on the stimulus strength and the 
tdian time (CT) of administration. Light pulses cause 
e delays when administered in the early subjective night 
phase advances when administered in the late subjective 
t/early subjective morning (reviewed in Ref. [5]). 
'ever, the retinal photoreceptor(s) responsible for 
mitting this photic information from the eyes to the 
k have not been identified.
he mammalian eye has parallel outputs that encode 
;r visual images or irradiance information. Photic 
•mation for entrainment is conveyed from the retinal 
;lion cells (RGCs) to the SCN primarily via the 
ohypothalamic tract (RHT) [6]. Studies showing that
Drresponding author. Tel.: +44-1483-689712; fax: +44-1483- 
.2 .
mail address: v.warman@surrey.ac.uk (V.L. Warman).
transgenic rodless coneless mice exhibit apparently normal 
circadian responses to light [3] strongly suggest that there is 
an unidentified circadian photoreceptor(s) present in the 
inner retina. Three candidate proteins have been located to 
the inner retina (melanopsin [7] and cryptochrome 1 and 2 
[11]) and melanopsin has been shown to contribute to the 
light-induced phase shifting response in mice [9].
Human studies assessing acute non-visual responses to 
light suggest that such responses are mediated by an opsin 
based photopigment [1,10]. Recent investigations into the 
spectral sensitivity of human circadian photoreception have 
utilized light-induced melatonin suppression as an approxi­
mation for the action of light on the circadian clock. Two 
action spectra have been constructed, both of which fit an 
opsin template with a Amax around 460 nm (Amax 464 nm [1 ]; 
Amax 459 nm [10]). However, whether a similar i ort 
wavelength sensitivity exists for light-induced phase 
shifting of the human circadian clock remains to be 
established. To date there has only been a single study 
investigating the effects of narrow band light on phase 
shifting [12]. Light of Amax 497 nm was identified as the 
most effective wavelength for light-induced phase delays. 
However, light pulses of equal irradiance rather than equal 
photon density were compared. Furthermore, wavelengths 
shorter than 470 nm were not studied. Since the action 
spectra for light-induced melatonin suppression show 
maximal sensitivity around 460 nm [1,10] these short
3940/03/$ - see front matter © 2003 Elsevier Science Ireland Ltd. All rights reserved. 
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wavelengths need to be investigated before any firm 
conclusions can be made.
The present study was designed to test the null 
hypothesis that the photopic visual system provides the 
primary input for the phase shifting effects of light on the 
human circadian system. This implies that the ‘circadian’ 
strength of the light stimulus can be quantified in photopic 
lux. If this were true then it would be expected that a low 
intensity short wavelength light pulse (approximately 8 lux) 
would be significantly less effective than a high intensity 
white light pulse (12000 lux) and have as little effect as a 
dim white light pulse of the same intensity (approximately 8 
lux). If, however, the phase shifting effects of light exhibit 
short wavelength sensitivity, similar to that observed for the 
light-induced melatonin suppression response [1,10], then it 
would be expected that a low lux short wavelength light 
pulse would be as effective as a high lux white light pulse 
and significantly more effective than a dim white light pulse.
Eleven healthy male subjects, aged between 18 and 40 
years (28 ±  5 years, mean ±  SD), participated in 15 phase 
shifting sessions. Ethical approval for the study was granted 
by the University of Surrey Ethics Advisory Committee. 
Subjects were not taking any medication or drugs known to 
affect melatonin production (e.g. (3 blockers, benzo­
diazepines) and were screened for drugs of abuse. In order 
to reduce the inter-individual variation in circadian phase 
subjects only participated if they had a regular sleep-wake 
cycle (onset between 22:00 and 24:00 h and wake between 
07:00 and 08:00 h). Subjects had no complaints of sleep 
disorders (Pittsburgh sleep quality index < 5 ) and were 
neither morning nor evening types according to the Horne-  
Ôstberg questionnaire. Subjects had no colour vision 
deficiencies according to the Ishihara colour blindness 
plate test. For 2 weeks prior to the study session subjects 
were required to keep a regular sleep-wake schedule 
(23:00-07:00 h) which they could deviate from by up to 30 
min in either direction. Compliance was confirmed by sleep 
diaries and actigraphic recordings (AWL, Cambridge 
Neurotechnology Ltd., UK).
Each study session lasted 4 days (18:00 h day 1 to 10:00 
h day 4) during which subjects were confined to the Clinical 
Investigation Unit (CIU): baseline 18:00 h day 1 to 12:00 h 
day 2; light exposure day 3; post-stimulus assessment 16:00 
h day 3 to 10:00 h day 4. Throughout the study subjects 
wore a rectal temperature sensor (Squirrel temperature 
loggers, Grant Instruments, Cambridge, UK) and the 
environmental lighting levels in the CIU were maintained 
at < 8  lux. Each day (18:00 h until 12:00 h the following 
day) the subjects’ posture was controlled to minimize any 
postural effects on melatonin and core body temperature 
(18:00-23:00 h and 07:00-12:00 h semi-recumbent; 
23:00-07:00 h sleep period, supine and wearing eye 
masks). During this time blood samples were taken, via an 
indwelling cannula in the forearm, every 30-60 min. The 
timing and content of the three daily meals were 
standardized.
At the end of the second night (i.e. day 3), immediately 
after habitual wake time, the subjects were exposed to a 
randomly assigned 4 h light pulse from 07:15 to" 11:15 h, 
timed to induce phase advances. During light exposure 
subjects were instructed to alternate their gaze every 6 min 
from looking directly at the light source (90°) to lowering 
their heads (20° angle to the light). The light source was a 
light box (Outside-In Ltd., Cambridge, UK) fitted with six 
fluorescent bulbs (Sylvania CF - LE55W/835,27916 energy 
saver Lynx). For the low intensity short wavelength light 
pulse (8 lux, 28 pW/cm2, 6.21 X 1013 photons/cm2/s) 
subjects (n =  8) wore specially designed glasses (Premiere 
Optical Services, Clacton-on-Sea, UK) with interference 
filters (Coherent Ealing Europe Ltd., Watford, UK) slotted 
into the lens space. The short wavelength light pulse had a 
transmission spectrum with two distinct peaks (Amax) of 436 
nm (half-maximal bandwidth (AA) 0 .5  of 2 nm) and 456 nm 
((AA)o.5  of 5 nm). For the bright white light pulse (12000 
lux, 4300 jxW/cm2, 1.15 X 1016 photôns/cm2/s) subjects 
(n =  4) wore the glasses without filters. In the dim white 
light condition (< 8  lux, <1.6  pW/cm2) subjects (n =  3) 
were exposed to CIU lighting conditions for the 4 h period. 
Four subjects completed two conditions (n =  2 bright white 
(BW) and short wavelength (SW), n =  1 SW and dim white 
(DW), 1 BW and DW).
The plasma melatonin and core body temperature 
rhythms were used to assess circadian phase. Phase shifts 
were computed by comparing the timing of phase markers 
on night 3 to night 1. The raw temperature data were 
converted into hourly moving averages to calculate the 
temperature nadir (Tmin) for each night. Four different 
methods of analysis (cosinor, demasked cosinor, mid-range 
crossing method and ten lowest values) were used and were 
well correlated (R2 =  0.814). T^n calculated by averaging 
the times that the ten lowest temperature values occurred 
each night was selected as the phase marker as it most 
accurately represented the raw data. The temperature 
profiles of one of the subjects following a short wavelength 
light pulse was discarded due to insufficient data and not 
used in further analysis.
Plasma melatonin levels were measured by RIA (Stock- 
grand Ltd., University of Surrey, Guildford, UK). The 
melatonin profiles were analyzed blind by the mid-range 
crossing method to derive three phase markers of the clock: 
melatonin onset (Melon50%, time of melatonin onset, 50% 
maximum levels), melatonin offset (Meloff50%, time of 
melatonin offset, 50% maximum levels) and melatonin 
acrophase (time of melatonin peak, midpoint between 
Melon50% and Meloff50%). The amplitude of the melato­
nin rhythm was calculated using cosinor analysis. Unpaired 
Student’s Mests were used to test the hypotheses that there 
would be no difference between the short wavelength and 
the dim light pulses but that the bright white light pulse 
would be significantly better than both the low intensity 
light conditions. Paired Student’s r-tests were used for 
within subject comparisons.
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melatonin acrophase on night 1 is used as a marker of phase 
and is assumed to occur at CT 22, the midpoint of light 
administration was CT 4.2 ±  0.2.
Fig. 1 shows an example of the effects of the white and 
short wavelength light pulse on an individual’s melatonin 
profile. A summary of the phase shifts observed in the 
melatonin and temperature phase markers is shown in Fig. 
2. The short wavelength light produced a phase advance of 
51 ± 10 min (mean ±  SEM, « =  8) in the Meloff50% and a 
phase advance of 36 ± 11 min in the melatonin acrophase. 
Compared to the dim light condition, the short wavelength 
light was significantly more effective at phase advancing the 
Meloff50% (P <  0.02) and melatonin acrophase 
(P =  0.06). The bright white light pulse also produced 
phase advances in the Meloff50% (62 ±  20 min, n =  4) and 
in the melatonin acrophase (35 ± 1 3  min, n =  4). This 
phase shift in Meloff50% was significantly different 
(P <  0.05) from the dim light condition (n =  3). The 
advances in the acrophase and Meloff50% with the bright 
white light were not significantly different from those 
observed with the short wavelength light. Comparing the 
phase shift in Meloff50% with Melon50% within individ­
uals, the size of the phase advance was larger in the 
Meloff50% than in the Melon50% after both the white 
(P <  0.05) and short wavelength (P <  0.10) light. Follow­
ing short wavelength light exposure the amplitude of the 
melatonin rhythm was significantly reduced by 24% (±7%) 
on night 3 compared with night 1 (P <  0.05).
Changes in Pmin were also observed. Whereas after dim 
light exposure the timing of Pmin was delayed by — 15 ±  18 
min (n —3), the white and short wavelength light pulses 
produced phase advances in Pmin timing of 65 ±  28 min 
(n =  4) and 41 ±  33 min (n =  7), respectively. These 
differences in T^n were not statistically significant although 
the shifts were in the same direction as the melatonin data.
Our observation that the Melon50% and Meloff50% do 
not shift in parallel in response to a phase advancing light 
pulse has been previously observed following white light 
exposure [2] with a 6 h morning light pulse advancing 
melatonin offset of 118 ±  13 min compared to 100 ±  20 
min in the melatonin onset. The non-parallel, light-induced 
phase shifting of the melatonin onset and offset has 
previously been attributed to the presence of two oscillators, 
morning (M) and evening (E), which through coupling form 
the circadian pacemaker [4]. It has Jbeen proposed that the 
melatonin offset, a phase marker for the M oscillator, is 
more sensitive to phase advancing light pulses whereas the 
melatonin onset, a phase marker for the E oscillator, is more 
responsive to phase delaying light pulses. The dual 
oscillator model fits with our current data in that light 
administered to phase advance produced a larger phase 
advance in the melatonin offset (M oscillator).
In conclusion, the current data demonstrate that a very low 
intensity short wavelength light pulse (8 lux) is able to phase 
advance the human circadian system to a similar magnitude
as a bright white light pulse (12000 lux) containing 185-fold 
more photons. This finding suggests that the human circadian 
system is particularly sensitive to the phase advancing effects 
of short wavelength light and that the visual photopic system 
is not primarily involved. Our finding supports the recent 
human studies investigating the spectral sensitivity of light- 
induced melatonin suppression [1,10].
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APPENDIX 1 Subject information
PHASE SHIFTING EFFECTS OF LIGHT 
IN SIGHTED SUBJECTS
In humans there is a body clock that controls a number of rhythmic physiological 
parameters including production of certain hormones, core body temperature and the 
sleep-wake cycle. Light is essential for ensuring that our internal body clock is 
synchronised with the 24-hour environmental cycle and this is achieved by daily 
resetting of the clock by the light-dark cycle. Light stimuli can shift the timing of the 
clock and synchronise it to oscillate with a period of 24 hours.
We are currently investigating the effects of various wavelengths and intensities of 
light on phase shifting (shifting the timing) the human circadian clock. The results of 
this work could be used to optimise light treatment for people with circadian rhythm 
disorders such as shift workers and transmeridian air travellers.
Melatonin is a natural hormone produced by the pineal gland in the brain. It is only 
produced in the dark at night and its production is immediately stopped by light 
perceived through the eyes. Melatonin is thought to be an excellent marker of the 
timing of the body clock.
This study attempts to determine which wavelengths of light are responsible for the 
phase shifting effects of light. Subjects will be exposed to different wavelengths 
(colours) of light at different intensities immediately upon awakening or prior to 
going to sleep. If phase shifts have occurred then, following light exposure, the 
timing of melatonin production will be altered and this will be assessed by 
measurements of melatonin in the blood and confirmed by core body temperature 
measurements.
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Prior to the study you will be asked to provide urine samples over 24-48 hours to 
allow assessment of your body’s melatonin profile. Subjects will be pre-screened for 
specific therapeutic drugs which affect the production of melatonin (in urine) and all 
results will be coded and remain confidential in compliance with the Data Protection 
Act (1998). You will also be asked to provide a blood sample for a haematology 
screen to ensure you are not anaemic. For seven days prior to the study you will be 
required to keep a regular sleep-wake cycle (going to bed at 23 00 and rising at 07 00 
hours). In addition you will be required to wear an activity monitor (actilume) which 
will verify your sleep patterns and assess your environmental light exposure. You 
will also be required to keep a sleep-wake diary during this period.
The study will be conducted in the Clinical Investigation Unit at the University of 
Surrey Guildford and will consist of two periods (legs) of four days each. You will be 
asked to attend the unit at 17 00 hours on the first day of each leg and remain there 
until 12 00 hours on day four of this leg. The unit has lull toilet and shower facilities, 
a television, video recorder and a telephone will be available if necessary. You will 
need to bring any equipment that you need for the study (for example, personal stereo, 
books or magazines).
You will be asked to wear a rectal temperature probe throughout the time in the Unit 
You will be asked to remain in a sedentary (sitting up) or semi-recumbent (lying 
down at an angle) position throughout the study except from 12 00 -  17 00 hours on 
days 2 and 3 when you can choose your activity in the unit. To prevent deep vein 
thrombosis, when in the semi-recumbent position for long periods of time, you will be 
required to perform stretching exercises every 2 hours when in this position. Regular 
blood samples (no more frequent than half hourly) will be taken throughout the study 
from an indwelling cannula inserted into a forearm vein under local anaesthetic on the 
first day of the leg by a qualified nurse or GP. In the event that a sample cannot be 
obtained from the cannula a venapuncture (i.e. blood taken from the vein using 
hypodermic needle) will be performed with your permission. In the event that blood 
cannot be obtained you will be asked to give saliva samples. A maximum of 600ml of 
blood will be taken over the 2 legs of the study. These blood samples will be used to 
measure plasma levels of melatonin and cortisol.
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Light Exposure will consist of 4 hours of light of various intensities and wavelengths. 
During the exposure you will be asked to alternate your gaze between the light source 
and free gaze every 6 minutes. During the free gaze period you will be able to read if 
you wish. The light levels in the unit outside the light exposure period will be 
constant dim light of 2 lux. You will be able to read and watch television under this 
light intensity. To minimise effects of environmental light, you will be asked to sleep 
at night in darkness (wearing eye masks). The light exposure has been extensively 
used before both at the University of Surrey and elsewhere. Any side-effects or 
discomfort you experience MUST be reported immediately to the investigators. You 
will be free to leave the study at any time without explanation.
You MUST inform the investigators of any medication you are taking or any 
involvement in other trials or projects. We will write to your GP to ask whether he/she 
considers you suitable for the study and to request information about medications or 
medical disorders that may affect the study. If your GP considers that you should not, 
for whatever reason, participate in the study, we will be obliged to accept this advice. 
Any information obtained about you will remain confidential.
You will be reimbursed for your time and inconvenience and all meals will be 
provided. You will be paid £225 for each leg of the study you complete making a 
total of £450 for completion of the entire study.
Contact numbers of the Research Team:
Ms. Vikki Revell (H) 01483 452158
(W) 01483 879712 
Dr. Derk-Jan Dijk (W) 01483 879341
Dr. Debra. J. Skene (W) 01483 879706
Prof. Josephine Arendt (W) 01483 879701
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APPENDIX 2 Informed Consent Form
PHASE SHIFTING EFFECTS OF LIGHT
IN SIGHTED
SUBJECTS
INFORMED CONSENT FORM
Subject Name:.....................................................
Investigators: V.Revell, Dr.D.J. Dijk, Dr. D.J. Skene, Prof. J. Arendt,
Dr. J. Wright
• I the undersigned voluntarily agree to take part in the study on phase shifting 
effects of light in sighted subjects
• I have read and understood the Information Sheet provided. I have been given a 
full explanation by the investigators of the nature, purpose, location and likely 
duration of the study, and what I will be expected to do. I have been advised 
about any discomfort and possible ill-effects on my health and well-being wihc 
may result. I have been given the opportunity to ask questions on all aspects of 
the study and have understood the advice and information given as a result.
• I agree to comply with any instruction given to me during the study and to co­
operate fully with the investigators. I shall inform then immediately if I suffer any 
deterioration of any kind in my health or well-being, of experience any 
unexpected or unusual symptoms.
• I agree to the investigators contacting my general practitioner about my 
participation in the study, and I authorise my GP to disclosed details of my 
relevant medical or drug history, in confidence
• I understand that all personal data relating to volunteers I held and processed in 
the strictest confidence, and in accordance with the Data Protection Act (1998). I 
agree that I will not seek to restrict the use of the results of the study on the 
understanding that my anonymity is preserved.
• I understand that I am free to withdraw from the study at any time without 
needing to justify my decision and without prejudice.
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• I acknowledge that in consideration for completing the study I shall receive the 
sum of £450. I recognise that the sum would be less, and at the discretion of the 
Principal Investigator, if I withdraw before completion of the study.
• I understand that in the event of my suffering any significant deterioration in 
health or well-being caused directly by my participation in the study, 
compensation will be paid to me by the University. The amount of such 
compensation shall be calculated by reference to the amount of damages 
commonly awarded for similar injuries by an English court if liability is admitted, 
provided that such compensation may be reduced to the extent that I, by reason of 
contributory fault, am partly responsible for the injury. I understand that this offer 
of compensation does not prevent me from alternatively pursuing a claim on the 
basis of negligence or strict liability.
• I confirm that I have read and understood the above and freely consent to 
participating in this study. I have been given adequate time to consider my 
participation and agree to comply with the instructions and restrictions of the 
study.
Name of volunteer (BLOCK CAPITALS) ........................................... .........
Signed................................................................ .....................................................
Date .....................................................
Name of Witness (BLOCK CAPITALS) .......................................................
Signed................................................................ .......................................................
Date ........................................................
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APPENDIX 3 Medical Screening Questionnaire
DATE..................................... SUBJECT CODE.
Name: Date of Birth:
Address: Ethnic Origin:
Telephone: Home 
Work 
Mobile
Email:
GP s name:
GP s address:
GP s phone number:
Approx. Body Weight (kg): Height (cm):
Eye Colour:
1) Have you or a member of your family ever suffered from the following
conditions? (Please circle YES/NO and if YES give details on following page)
a) High blood pressure Y E S/N O
b) Cardiovascular diseases Y E S/N O
c) Asthma Y E S/N O
d) Psychiatric conditions Y E S/N O
e) Migraine Y E S/N O
0 Endocrine disorders Y E S/N O
g) Haematological conditions Y E S/N O
h) Neurological conditions Y E S/N O
i) Epilepsy Y E S/N O
j) Renal disease Y E S/N O
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k) Gastrointestinal disease
1) Hepatic disease
m) Drug or Alcohol Dependence
If YES to any of the above please give details
YES/N O  
Y ES/N O  
Y ES/N O
2) Do you ever feel faint or have dizzy spells? Y E S/N O
3) Have you been in hospital at all in the last 2 years? Y ES/N O
If YES please give details
4) Do you anticipate any treatment in the next 2 - 3  months (e.g. surgery, dental
treatments, physiotherapy) Y E S/N O
If YES please give details...................................................................
5) Have you suffered any major illnesses in the past 6 months? Y E S/N O
If YES please give details .................... .............................................
6) Are you undergoing treatment at the moment? Y E S/N O
If YES please give details...................................................................
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7) Are you taking regular medication at the moment or have you taken any 
medication in the last six weeks? YES / NO
If YES please give details (Name, Dose, Frequency, When started and stopped)
8) Are you taking or have you ever taken any of the following medications?
a) Anti depressants (including MAOI) Y E S/N O
b) Tranquilisers Y E S/N O
c) Sleeping tablets / Hypnotics (e.g. Benzodiazepines) Y ES/N O
d) a  blockers Y E S/N O
e) Anti hypertensives ( p-blockers, Ca2+ channel blockers) Y E S/N O
f) NSAIDs Y E S/N O
g) Anti epileptics Y E S/N O
h) Vitamins B12 and B6 Y E S/N O
i) Selective serotonin uptake inhibitors (e.g. Lithium, Prozac) Y E S/N O
j) Anti psychotics Y E S/N O
If YES to any of the above please give the name of the medication and the dates
when it was taken...................................................................................
9) Do you have any physical disabilities of any kind? Y E S/N O
If YES please give details...............................................................
10) Do you suffer from any allergies? Y E S/N O
If YES please give details...............................................................
11) What is your weekly intake of alcohol?
........................units per week
(One unit is half a pint of beer/ one glass of wine/ one measure of spirits)
12) What is your average caffeine consumption per day?
13) Are you a smoker or a non-smoker?
14) Have you given more than 50ml of blood in the past 4 months?
15) Do you wear glasses?
16) Will you have you carried out any shift work or been on a 
transmeridian flight within two weeks of the start of the study
For the investigator to complete:
a) Ishihara Test Score
b) Visual Acuity
c) Horne Ostberg Test
d) PSQI Test Score
Y E S/N O  
Y E S/N O
YES/NO
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APPENDIX 4 Summary of subjects taking part in phase shifting studies
Subject
Code
Age (years) PSQI score Horne-
Ôstberg
Score
Ethnic Origin
SI 38 4 57 Black African
S2 32 3 53 Middle Eastern
S3 23 3 50 Portugese
S4 34 3 45 Canadian
S5 28 2 49 Lebanese
S7 23 5 43 Black African
S8 28 3 49 British
S9 28 5 Korean
S10 23 5 45 British
S ll 24 45 Greek
S12 29 5 42 Italian
S13 24 1 47 Korean
S14 28 3 56 British
S15 24 4 55 German
S16 26 3 49 British
S18 24 2 44
S19 28 3 68 New Zealand
S20 29 2 48 British
S21 29 3 53 British
S22 26 3 43 British
S23 20 3 50 British
S24 26 3 41 Swedish
Mean ± SD 27 ± 4 3.2 ±1.1 49.1 ±6.4
Additional female subjects that took part in pupillary response studies
Subject Code Age (years) Ethnic Origin
S25 24 British
S26 26 British
S27 24 British
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APPENDIX 5 Summary of light conditions studied in each subject
Bright
White
Dim
White
SW 420 nm 440 nm 600 nm 440 nm 470 nm 600 nm
Photons/ 
cm2/ sec
2.32x10"* 2.32xlOli 2.32x10" 6.21x10" 6.21x10^ 6.21x10"
Subject
code
SI Leg 2 Leg 1
S2 Leg 1
S3 Leg 2 Leg 1
S4 Leg 2 Leg 1 Leg 6 Leg 5 Leg? Leg 8 Leg 12
S5 Leg 1 Leg 2
S7 Leg 4 Leg 6 Leg 5 Leg? Leg 9/12
S8 Leg 3
S9 Leg 3
S10 Leg 3
S12 Leg 3
S13 Leg 4
S14 Leg 5 Leg 6 Leg 10 Leg 11
S15 Leg 5 Leg 6 Leg 9 Leg 10 Leg 11
S16 Leg 6 Leg 8
S18 Leg 6 Leg?
S19 Leg 12 Leg 9 Leg 6 Leg 8 Leg 11 Leg 10
S20 Leg? Leg 8
S21 Leg 8 Leg?
S22 Leg 11 Leg 9 Leg 12 Leg? Leg 10
S23 Leg 10 Leg 9 Leg 12
S24 Leg 9
Total 4 3 8 7 6 2 8 7 10
Leg 1: 27/04/01 -  30/04/01 Leg?: 12/07/02 -  15/07/02
Leg 2: 12/05/01 -  15/05/01 Leg 8: 19/07/02 -  22/07/02
Leg 3: 10/08/01 -  13/08/01 Leg 9: 08/11/02- 11/11/02
Leg 4: 14/09/01 -  17/09/01 Leg 10: 22/11/02 -  25/11/02
Leg 5: 12/04/02 -  15/04/02 Leg 11: 21/02/03 -  24/02/03
Leg 6: 26/04/02 -  29/04/02 Leg 12: 07/03/03 -  10/03/03
3 8 9
APPENDIX 6 Relative spectral response of the Macam R203 Radiometer
Wavelength
(nm)
Spectral
Response
Wavelength
(nm)
Spectral
Response
400 0.3295 550 0.9868
410 0.6108 560 1.0168
420 0.6861 570 1.0760
430 0.7296 580 1.0752
440 0.8039 590 1.0543
450 0.7612 600 1.0485
460 0.8472 610 1.0589
470 0.8617 620 1.0612
480 0.8777 630 1.0405
490 0.8953 640 1.0221
500 0.9129 650 1.0255
510 0.9319 660 1.0399
520 0.9470 670 1.0583
530 0.9494 680 1.0834
540 0.9607 690 1.1042
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APPENDIX 7. Melatonin profiles that were excluded from analysis
Wavelength
(nm)
Photon density 
(photons/cm2/sec)
Subject 
number and 
study leg
Reason for exclusion
420 2.32 x 10" S16L5 Aberrant, spikey melatonin profile. 
Not possible to accurately 
calculate any of the melatonin 
phase markers.
420 2.32 x 10" S15L5 Missing samples on N3. 
MelofF50% and acrophase could 
not be calculated. N3 Melon50% 
was used.
440 2.32 x 10u S22L11 Missing samples on N3. 
MelofF50% and acrophase could 
not be calculated. Melon50% not 
used as delay in timing of this 
marker from N1 to N2 and N2 to 
N3 is very large. This was 
probably due to the marker 
occurring during hourly sampling 
where resolution may be lost and 
therefore the marker may not be an 
accurate reflection of phase.
440 6.21 x 10" S7L7 Missing samples on N3. 
Meloff50% and acrophase could 
not be calculated. Melon50% not 
used.
440 6.21 x 10" S22L12 Missing samples on N3. 
Meloff50% and acrophase could 
not be calculated.
470 6.21 x 10" S21L8 Subject was ill and left before N3. 
Therefore phase shifts could not be 
calculated.
470 6.21 x 10" S7L12 Missing samples on N3. 
Meloff50% and acrophase could 
not be calculated. N3 Melon50% 
was used.
600 6.21 x 10" S22L10 Missing samples on N3. 
Meloff50% and acrophase could 
not be calculated.
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Appendix 8a. The effect of 4-hours of 420 nm light (2.32 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N I N 2   N 3  )
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Appendix 8a continued. The effect of 4-hours of 420 nm light (2.32 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N I N 2   N 3  )
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Appendix 8a continued. The effect of 4-hours o f420 nm light (2.32 x 1013 photons/cm2/sec): 
(07:15 -11:15 h) on the human melatonin profile (NT N 2   N 3  )
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Appendix 8b. The effect of 4-hours of 440 nm light (2.32 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N1-----  N2   N3   )
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Appendix 8b continued. The effect of 4-hours of 440nm light (2.32 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N1----  N2 ----  N3 ___ )
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Appendix 8c. The effect of 4-hours of 600 nm light (2.32 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (NI  N 2   N 3 )
397
S16L8
S19L8
S4L7
1 6 0 1
9 s 140
£120
™ 40
18:00 22:00 02:00 06:00 10:00
Clock Time
f  140-
O)
3 1 2 0 -
> 100-
18:00 22:00 02:00 06:00 10:00
Clock Time
140-1
1  120"
O)
CL
100-
6 0 -
4 0 -
20"
18:00 22:00 02:00 06:00 10:00
Clock Time
Appendix 8d. The effect of 4-hours of 440 nm light (6.21 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N1  N 2 N3 ------- )
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Appendix 8d continued. The effect of 4-hours of 440 nm light (6.21 x 1013 photons/cm2/sec): 
(07:15 - 11:15 h) on the human melatonin profile (N1  N 2 N3 ------- )
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Appendix 8e. The effect of 4-hours of 470 nm light (6.21 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N1  N 2 N3 ------- )
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Appendix 8e continued. The effect of 4-hours of 470 nm light (6.21 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (NI  N 2 N3 ------- )
401
S7L12 30-1
15"
5 “
18:00 22:00 02:00 06:00 10:00 
Clock Time
Appendix 8e continued. The effect of 4-hours of 470 nm light (6.21 x 1013 photons/cm2/sec): 
(07:15 - 11:15 h) on the human melatonin profile (N1  N 2 N3 -------)
402
S18L7
S20L8
S21L7
180-1
- 1 100 -
8 0 -
60"
40 -
2 0 -
18:00 22:00 02:00 06:00 
Clock Time
18:00
120  n
E 100
1
CO
0)
>
CD
C
°
CD
CD
CD
E
CL
10:00
200-1
1 8 0 -
q  120 -
I  100-
o
ro 8 0 -
60"
40 -
22:00 02:00 06:00 
Clock Time
10:00
t ------------- r
18:00 22:00 02:00 06:00 10:00 
Clock Time
Appendix 8f. The effect of 4-hours of 600 nm light (6.21 x 1013 photons/cm2/sec): 
(07:15 -11:15 h) on the human melatonin profile (N1  N 2 N3 ------- )
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Appendix 8f continued. The effect of 4-hours of 600 nm light (6.21 x 1013 photons/cm2/sec): 
(07:15 -11:15 h) on the human melatonin profile (N1  N 2 N3 ------- )
404
S14L11
6 0 - i
E 5 0 -  
2
* « -
2 0 -
18:00 22:00 02:00 06:00 10:00
Clock Time
S15L11
S4L12
60-1
E 5 0 -O)
L -
i  30-
2 0 -
(0 10"
18:00 22:00 02:00 06:00 10:00
80 n
| ' 7 0 -
S 6 0 -
> 5 0 -
~  40 -
” 2 0 "
18:00 22:00 02:00 06:00 
Clock Time
10:00
Appendix 8f continued. The effect of 4-hours of 600 nm light (6.21 x 1013 photons/cm2/sec):
(07:15 - 11:15 h) on the human melatonin profile (N1  N 2 N3 -------)
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Appendix 8f continued. The effect of 4-hours of 600 nm light (6.21 x 1013 photons/cm2/sec): 
(07:15 -11:15 h) on the human melatonin profile (N1  N 2 N3 -------)
